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Abstract— In this paper, we consider a novel forwarding
technique based on collision avoidance and on knowlegde of
the geographical location of the nodes involved. Selection of
the relaying nodes is made randomly via contention among
receivers. We consider a simplified performance analysis and
provide analytical parameter optimization. Comparisons giving
evidence of the accuracy of our approximate approach are also
provided. The schemeis compared with STEM, and is shown to
perform significantly better for sufficient node density.

I . INTRODUCTION

Energy consumptionis one of the key technicalchalleges
in sensor networks and ad hoc networks. It is necessary
to devise communicationsand networking schemeswhich
make judicious use of the limited energy resourceswithout
compromising the network connectivity and the ability to
deliver data to the intendeddestination.In addition, sensor
nodesareoften subjectto further constraintsin termsof CPU
power, memoryspace,etc., which call for simple algorithms
andschemeswhosememoryneedsaremodest.

One of the main mechanismsto save energy is the useof
sleepmodesat the MAC layer, by which nodesare put to
sleepasoftenaspossible.Thismustbedonein suchaway that
connectivity is preserved,sinceif too many nodesaresleeping
at thesametime, thenetwork mayendup beingdisconnected.
In the recentliterature,several schemeshave beenproposed
which addressthis problem. For example, SPAN [1] tries
to coordinatethe sleeping activity of the nodes so that a
connectingbackboneis always present.GAF [2] identifies
groupsof nodeswhich are equivalent from a routing point
of view, i.e., in eachgroup it is sufficient that a single node
is awake at any given time. STEM [3], on the other hand,
providesameansto communicatewith anodecurrentlyasleep,
by implementinga rendez-vous mechanismbasedon beacon
transmissions.

A commoncharacteristicof the above schemesis that, at
theMAC layerandoftenalsoat theroutinglayer, whena node
decidesto transmit a 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

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

which move or turn off without coordination).In addition,the
proposedschemesdo have someperformanceproblems,e.g.,
the radio rangeis significantly underutilizedin GAF (which
meansmore hopsare neededto cover a given distance)and
potentiallylarge delaysmay be introducedin STEM (in order
to wait for a nodeto wake up).

We proposedan alternative solution in [4], which is based
on theassumptionthatsensornodeshaveameansto determine
their location, and that the positionsof the final destination
and of the transmittingnode are explicitly included in each
message.In this scheme,a node which hearsa messageis
able to assessits own priority in acting as a relay for that
message.For example,we can slice the radio coveragearea
of the transmittingnode(assumedherefor simplicity circular
andof fixedradius)into ��� “priority regions”accordingto the
relative advancementtowards the final destination.Basedon
the knowledgeof the positionsof the sensorsinvolved, each
node which hearsa messagecan determinewhich region it
belongsto. All nodeswho received a messagemay volunteer
to act as relays, and do so accordingto their own priority.
This mechanismtries to choosethe bestpositionednodesas
relays. In addition, since the selectionof the relays is done
a posteriori, no topologicalknowledgenor routing tablesare
neededat eachnode,but the position information is enough.

In order for the schemeto work properly, a collision
avoidancemechanismwasproposedin [4]. Sincesleepmodes
make it hardto useRTS/CTShandshakeseffectively, we also
considerthe useof busy tones[5]. Eachnodehastwo radios
(asassumedin [3]) operatingon different frequencies.Oneis
usedfor dataexchange,the other to issuebusy toneswhile a
nodeis receiving. When a nodewants to senda message,it
issuesanRTSonabroadcastMAC address.ThisRTScontains
the locationof the transmitterandof the final destinationfor
the message.Nodeswho can hearthis messagewill contend
to be its relays accordingto their own location towards the
destination.Oncethe contentionphaseis completed,a single
nodewill relay the messageby usingthe samemechanism.If
no relaysarepresent,the transmittingnodewill retry, and in
this case,dueto the dynamicsof the sleepmodes,a different
setof potentialrelayswill be available.

Theperformanceanalysisof this scheme(aswell asa more
detaileddescriptionof the protocol) is given in [4]. In this
paper, we show that the energy analysisproposedin [4] lends
itself to analytical parameteroptimization, which makes it
possibleto determinethe optimal value of the wake-up duty
cycle in closed form. We also comparethese results with
thoseobtainedvia a more detailed analysis,and show that
theapproximateanalysisof [4] is very accuratein mostcases.



I I . PERFORMANCE ANALYSIS

A nodein thenetwork, while mostlysleeping,wakesup for
two reasons,namelyif it hasapacket to transmitor it is timeto
listenaccordingto the(moreor lessperiodic)wakeupscheme.
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:�
	��
	�� ��� � ������� � ����������� (1)

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

� ��� � � is the averageamountof energy
consumedfollowing either event. ��� is the total amountof
time the node spendssleeping,and ��� is the corresponding
power.

A. Total average energy consumption

We canfind the total normalizedaverageenergy consump-
tion to be�� � �
	��!	�"� �$#� % ��� � �� � � �&���� � ��������(' (2)

which is the total energy consumedin time � , divided by the
energy �"� which would be consumedby a radio which is
alwayson (transmitting,receiving or monitoringthechannel).

Following the analysisin [4], the final expressionfor
�) 

is
given by�) +* , � ���� �.-0/�132�4�57698;:=<?>���@.4BA �DC5�FEG2IH AKJ�L 4M#ON��M5 A �P5 J #Q4R678;:S<TND�P5 L �U#� J 6V:S<W4P#ON=8YX J 5I�"�Z�U#[N3\]�D^`_=a
b (3)

where
,

is the listening duty cycle (fraction of time a node
would beon in theabsenceof network traffic), - is thepacket
arrival rate at each node, H is the fraction of the coverage
area in which useful relays can be found (portion towards
the destination),A � , � is the averagenumberof listening
relays in the coverage area, � is the average number of
deployed nodesin the coveragearea, �"� is the numberof
priority classes,�D^`_=a is the duration of a signaling packet
(RTS, CTS, ACK, or CTS response),��@ is the duration of
a datapacket, ��C is the listening time, and L is the average
length of the contentionphase(see[4] for more details on
thesequantities).As discussedin [4], in the following we will
use the slightly pessimisticapproximation(a bound,in fact)
obtainedfrom (3) by neglecting the term 4 A ��CDc95 .
B. 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 is computedas [4]�d^ � 1 J 6 :=< 4P#ON 8eX J #��P5I���fND�.5 L > �D^`_=a (4)
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Fig. 1. Averagenormalizedenergy consumption,jlk , vs. duty cycle, m .
ProposedschemeandSTEM compared.nMo?p=q[r&s!qtq , network load 0.1.

C. Analysis of STEM

A similar analysiscanbecarriedout for theSTEM scheme.
We considerhereSTEM-B [3]. In this case,we have� � * - % 5I��@��.uI�D^`_=aT� �DC J #Q4�5 , N5 , ' � , � �)�� (5)

and �d^ � ��C J #Q4 , N5 , �P5fvxwI�D^`_=a (6)

wherethebestchoicefor thelisteningtime �DC is theminimum
possible,i.e., ��C � 2I�D^`_=a [3].

D. Performance comparison

An example of the obtained results is shown in Figure
1, in which the performanceof our proposedschemeis
comparedwith that of STEM, in terms of the normalized
energy performance,

�) 
, vs. the duty cycle,

,
. Here,we use

the average number of nodes per coverage area, � , as a
measureof the network density, and the averagenormalized
traffic percoveragearea,-l�T�D@ , asa measureof the network
load, and we assume�"� �Wy �SH �{z v y �&�D^`_=a�c[�D@ �|z v}# . In
bothschemes,for large duty cycle, the energy consumptionis
dominatedby the listening activity, as expected.As the duty
cycle is decreased,other sourcesof energy consumptionare
important.In particular, thefactthatthetransmittermustspend
energy to “find a neighbor”(eithervia thebeaconasin STEM
or by repeatedattemptsasin our scheme)becomesdominant,
and more so as the network load is higher. Note that in all
casesour schemeoutperformsSTEM, with more significant
gainswhen the 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
be independentlyoptimized(notice that the minimum energy
occursfor different valuesof

,
for the two schemes).In the

next section,we addressthe issue of choosingthe optimal
valueof the duty cycle.



10~ -4
10~ -3

10~ -2
10~ -1

10~ 0

duty cycle�10
-8

10
-6

10
-4

10
-2

10
0

10
2

en
er

gy
 c

om
po

ne
nt

s

t1
�
t2
�
t3
�
t4
�
t5
�
sl�
tr
�
tot
�

Fig. 2. Componentsof thenormalizedaverageenergy consumptionvs. duty
cycle. nMoT�Sq , network load qO� qtqOs .
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Fig. 3. Componentsof thenormalizedaverageenergy consumptionvs. duty
cycle. nMoT�Sq , network load qO�xs .

I I I . ENERGY OPTIMIZATION

FromFigure1, thereappearsto bea minimumin theenergy
consumption,i.e., there exists an optimal value of the duty
cycle which minimizesthe energy cost.Here,we investigate
the optimizationof this parameter.

A. Optimization of the proposed scheme

Since the full expressionof
�� 

is too complex, as a first
stepwe look for someaccurateapproximation.To this aim,
in Figs. 2–4 we plot the following quantities:� X � -TE J 6 :S< 4P#ON 8eX J 5I���d��#ON��D^`_=aT���D@ \ (7)�
� � - J 5 L �U#[N��e^�_=a (8)�!� � -TEG5 J #Q4�6 8�:S< N���@�U1�5 A �P5 J #Q4R6 8;:S< N
>D�D^`_Sa \ (9)��� � 27-lH A�J�L 4M#[N��e^�_=a (10)�
� � , (11)

In addition,we plot thenormalizedsleeppower, ���VcI� (sl),
the total normalized traffic (tr) estimatedas -l�T��� (where
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Fig. 4. Componentsof the normalizedaverageenergy consumptionvs. duty
cycle. nMo?�=q�q , network load qO� qtqIs .
��� is the averagetime durationof a single packet exchange,
includingthewholehandshake, thepacket, andtheACK), and
the total consumption(tot)�� � � X ���
�����!�����������
�������VcI� (12)

The reasonwe plot the normalizedtraffic is that oneof the
assumptionson which the analysisin [4] is basedis that the
traffic be low, so that the approximationsmadehold. Plotting
thetraffic allowsusto seein which region theresultspresented
arereasonableandwherethey maybetoo pessimistic.We will
elaborateon this issuein SectionIV, wherewe discussresults
obtainedfrom a moredetailedmodelwhoseaccuracy doesnot
rely on the low traffic assumption.

From the various figures (as well as from the results
obtainedin many other cases,not shown here,which follow
thesamegeneraltrendasin theseexamples),it is clearthatfor
largevaluesof

,
thecontribution of �
� (energy spentlistening)

dominates,whereasfor low duty cycles the dominant term
is � X , which correspondsto the energy spent looking for a
relay. FromFig. 4 we alsonotethat for small traffic anddense
networks the effect of the sleeppower cannotbe neglected.
In all casesshown, aswell as in all our extensive evaluations
not depictedhere,terms �
�O�S�!�9�&��� arenegligible over thewhole
rangeof valuesconsidered.Therefore,in order to study the
behavior of

�) 
, we canusethe approximation�) �* � X ���
���.���tcI�� -TE J 6V:=<�4M#ON=8eX J 5I�"�Z�U#ON��D^`_=a?����@ \ � , ���)�tcI�

(13)

whoseaccuracy hasbeentestedwith excellent results.
Basedon this expression,and recalling that A � , � , we

canjust differentiate
�) 

with respectto
,

andsetthederivative
to zero,obtainingthat the optimal choiceof the duty cycle as
a function of the variousparametersinvolved is given by, � � 	)�����7���HI� (14)

where� �|� �P5
��� � J � � y N5 � � � - J 5I���Z�U#ON�HI���D^`_=a
(15)
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Fig. 5. Optimal normalizedaverageenergy consumption,j , vs. average
numberof nodeswithin coverage,n . Network load qO� qIs and0.1.

B. Optimization of STEM

From the expressionof the energy consumptionof STEM
we obtain the equation� � �� , � -l��C % 4 #5 , � ' ��# �Uz (16)

whosesolution is , � � 	)� � -l��C5 (17)

C. Results

Figure5 shows the optimizedperformanceof the proposed
schemeand of STEM versusthe averagenumberof nodes
within coverage, � . For eachvalue of � , the optimal duty
cycle is computedaccordingto the above formulasand used
to computethe energy performance.We note from the above
expressionsthatfor theproposedscheme

, � � 	 is approximately
inversely proportional to � , as is - for fixed network load
(recall that the network load is definedas -l����@ ). Therefore,
we expect the minimum energy consumptionto be inversely
proportionalto � , asthefigureshows. In STEM, on theother
hand,

, � � 	 is proportionalto ¡ - , i.e., inverselyproportional
to ¡ � . Looking at the expressionfor

� � , the behavior is
itself inversely proportional to ¡ � , as the figure shows.
Notice that the slopes of the curves correspondingto the
two schemesare thereforedifferent,and while STEM shows
superiorperformancefor a relatively small numberof nodes
percoveragearea,whenthenetwork is moredenseourscheme
outperformsSTEM, asexpected.

We remark here that the results of Figure 5 are energy-
optimized without taking into accountlatency. A fair com-
parison should thereforeconsiderlatency as well. Figure 6
shows the latency performancewhich for each� corresponds
to choosing

, � � 	 . The figure clearly shows that the latency
of our schemeis constant,since choosing

, � � 	 (roughly)
inversely proportional to � results in a constantvalue ofA , the numberof available relayswithin coverage,which is
the key factor in determininglatency. On the other hand, in
STEM the optimal choiceof

,
resultsin a value of latency
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Fig. 6. Latency correspondingto optimal energy consumptionvs. average
numberof nodeswithin coverage,n . Network load q[� qOs and0.1.
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which is proportional to ¡ � , as the figure shows. Clearly,
when � is larger than about 20, STEM has worse latency
performancethanour scheme,while on theotherhandhaving
betterenergy performance,whereasfor largervaluesof � both
metricsare better in our schemethan in STEM. For a more
completeinvestigation of the trade-off betweenenergy and
latency, refer to Figure7, wherewe plot the trade-off between
energy consumptionand latency. The curves are generated
by spanningthe range of values of the duty cycle (curves
are traveled right to left by increasingthe duty cycle). For
very low duty cycle and not 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 � � # z7z nodes
per coverageareawe can gain almostan orderof magnitude



in latency for comparableenergy or in energy for comparable
latency. Theproposedschemethereforeappearsasapromising
alternative for low-power networking.

IV. VALIDATION OF THE ACCURACY OF THE ANALYSIS

The simple analysispresentedin [4] can be expectedto
apply only for low traffic in the network, as it assumesthat
whena packet is readyfor transmissionthe mediumis never
busy, andneglectsotherissueswhich couldbecomerelevant if
the channelis occupiedfor a significantfraction of the time.
This is the reasonwhy, for low duty cycles and significant
traffic per node, the approximateexpression(actually, upper
bound) for the energy consumptionmay lead to exceedingly
pessimisticresults.

It is thereforeimportant to validate the goodnessof this
analysisandto determinetherangeof valuesof theparameters
in which the above results are meaningful. In order to do
so, we refer to a more completemodel in which the effect
of multiple attemptsare accountedfor. More specifically, we
track the evolution of a node, which can be in one of the
following states:

1) transmitRTS : thenodehasdecidedto starta handshake
andsendsan RTS;

2) transmitpkt : a handshake has beensuccessfullycom-
pletedandpacket transmissionstarts;

3) packetready : the nodehasa packet readyfor transmis-
sion;

4) sleep : the nodeis in sleepmode;
5) listen : the nodeis in idle listeningmode;
6) receiveRTS : an RTS has startedwhile the node was

listening,andthe nodestartsreceiving it;
7) receivepkt : the nodehaswon contentionto be a relay

andnow receives the packet.
We build the transitionstructureamongthesestatesaccord-

ing to the variouseventswhich canoccur. For eachtransition
we candeterminethe associatedenergy consumptionaswell
as other relevant metrics.The resulting semi-Markov model
can be solved to obtain the performanceresultsof interest.
Notice that even this model is not completely accurate,as
an exact model would require to keep track of the stateof
all nodesjointly, a clearly impossibletask.However, it does
captureimportant behaviors, e.g., the fact that in a loaded
network a node may spendmore time in a given statethan
anticipated.Detailsof themodelareomittedheredueto space
constraints.

Extensive comparisonshave beenmadein order to assess
the accuracy of the simplified analysis.Exampleresultsare
plotted in Figs. 8 and 9 where the normalizedenergy con-
sumptionfrom thesimplified analysisandthat from thesemi-
Markov model are compared.Although for low duty cycles
the behavior may be significantlydifferentwhen the network
is not denseand the load is high, the simplified analysiscan
accuratelypredictthebehavior in a large fractionof the range
and, more importantly, it accuratelypredictsthe location of
the minimum, i.e., the value of

, � � 	 given above is in fact
accuratein all cases.This is confirmedin most other cases
we considered.

V. CONCLUSIONS

In this paper, we considereda novel forwarding tech-
nique basedon geographicallocation of the nodesinvolved
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and random selection of the relaying node via contention
amongreceivers.Parameteroptimizationfor minimumenergy
consumptionhas been presented,and the accuracy of the
approximateapproachusedhasbeenshown to be adequate.
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