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Abstract—Previous work on routing in MANETSs has resulted
in numerous routing protocolsthat aim at satisfying constraints
such as minimum hop or low enemy. Existing routing protocols
often fail to discover stableroutesbetweensource and sink when
route availability is transient, i.e.,dueto mobile devicesswitching
their network cards into low-power sleep modes whenerer no
communication is taking place. In this paper, we intr oduce a
stability aware dynamic source routing protocol (SA-DSR) that
is capable of predicting the stability (i.e., expiration time) of
multiple routes. SA-DSR then selectsthe route that minimizes
hop count while staying available for the expectedduration of
packet transmission.Comparisonsof SA-DSRto the original DSR
(Dynamic Source Routing) protocol indicate a signi cant (up to
60%) increasein route discovery successrate with comparable
route establishmentand maintenance overheads.
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I. INTRODUCTION

Dynamic Pover Management(DPM) in MANETs has
gained huge popularity over the last decade.Corventional
MANET routing protocolsdo not considerpower asa design
constraint,instead,they tend to searchfor optimal routesin
terms of delay [5]. In such algorithms, connectionbetween
two nodesis establishedhroughnodeson the shortestpath
routes,which may however resultin quick depletionof the
batteryof the nodesalongthe mostheavily usedroutesin the
network [4].

Mobile nodesin wirelessad-hocnetworks often put their
wirelessnetwork cardsto sleepwhenthey are not transmit-
ting or receving data.In most MANETS, wirelesstrafc is
infrequentand recentwork [1] shaows that wirelessnetwork
cardsshouldbe turnedinactive for 50% or lessof the entire
lifetime to obtain a balancebetweenoptimal power-sasing
and sustainednetwork connectvity. This paper focuseson
routing in MANETs with transientroute availabilities, i.e.,
routeestablishmentakesinto consideratiorthe expirationtime
andthereforethe stability of a potentialroute. This approach,
called Stability Aware Dynamic Souce Routing (SA-DSR)
is basedon the prediction of future sleeptimes of mobile
nodes(i.e., the times when mobile nodes' DPM techniques
will turn off their network cards).The goal of this approachs
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to introduceDPM-awarenessn routing decisionsandthereby
to increasethe number of successfulpaclet transmissions.
While SA-DSRis an extensionto the well-known on-demand
Dynamic SourceRouting (DSR) [10], the conceptof stability
awarenessanbe addedto ary routing protocol.

In orderto provide successfupaclettransmissionsaccurate
network “down' and “up' times are required. A variety of
stability predictors can be used, including hints given by
applicationsand/orthe DPM mechanismln this paper SA-
DSR monitors the paclet schedulerqueuefor the network
driver and predictsthe next down-time of the network card.
Thatis, SA-DSRconsenratively predictsthatthe network card
will enterits next sleepmode after all pacletsin the queue
have beentransmittedplus a driver-speci ¢ timeoutvalue.

The remaindernf the paperis organizedasfollows: Section
2 comparesSA-DSRto previouswork. Section3 discusseshe
systemmodelfor the proposedouting protocol.In Section4,
we describethe detailsof SA-DSR,followed by experimental
resultsin Section5. Finally, Section6 concludeshe paper

Il. RELATED WORK

We have a numberof algorithmsthat addressthe issueof
routingdecisiondor power-saving in wirelessad-hocnetworks
and we broadly classify thesealgorithmsinto two cateyories:
Power Aware RoutingandNetworkSleepTime Aware Routing
This sectioncomparesour SA-DSR protocol to theserelated
catgyories.

A. Power Aware Routing

In [2], Tariqueet al. usea load sharingapproacHor routing
decisionsand a transmitpower control approachfor link by
link power adjustmentsThey employ their approachto en-
hanceDSR[10]. In [4], Maleki et al. proposea Pover-Aware
Source Routing (PSR) protocol, which nds a route based
a cost function that includes componentssuch as transmit
power and current residual battery capacity In [3], Wang
et al. proposean enegy-aware probability routing algorithm,
wherethe probability metricis a functionof thenodes current
residualenegy and nodesmake localized decisionswhether
to forward a route requestpaclet (RREQ) dependingon the
value of the probability metric.



Mostly nodesalongthe leastpower routestendto die soon
since theseroutesnow becomethe most heavily usedones
insteadof the min-hopones.This is harmful sincethe nodes
which die early are preciselythe onesthat are neededmnostto
maintainnetwork connectvity [4]. Also nodesusuallydo idle
listeningwhenthereis no signi cant traf c. Suchalgorithms
never completelyturn off the nodesin absenceof trafc.

SA-DSR realizesa better approachfor power-saving by
utilizing a DPM modulethat putswirelessnodesinto a sleep
mode when the node is not transmitting or receving data.
But sleepmodescanleadto lossof network connectvity and
hencelower the paclet delivery ratio. SA-DSR exploits the
transientavailability of the intermittently sleepingnodesby
introducing DPM-awvarenessn the routing decisions.It nds
stable routes as predictedby a DPM-aware Route Stability
Prediction Algorithm and thus ensuresacceptablenetwork
connectvity.

B. NetworkSleepTime Aware Routing

In [6] and[7], Tsenget al. proposemethodsfor improving
enegy conserationwhile reducingwaiting time andmaintain-
ing an accuratetopology In [6], they proposethreeprotocols
for schedulingthe awake time of a nodein power-saze mode.
In [7], they proposea methodto scheduletransmissionsso
that nodesin power-save mode canreducetheir awake time.
The schedulingalgorithm prioritizes data paclets basedon
the calculatedtransmissiortime and the destinationnode. In
[8], Chia et al. proposethat devices which are not currently
active in ary datacommunicatiormay entera sleepstate,but
can be poweredup remotelythrougha signal usinga simple
circuit basedon RF technology Radiodevices selectdifferent
time-out values(sleeppatterns),to entervarioussleepstates
dependingon their batterystatusandquality of service.In [9],
Singhetal. employ a MAC layer protocolfor PAMAS (Power
Aware Multiple Access protocol with Signaling) in which
nodesoverhearingransmissionetweertwo othernodesturn
themseles off and wake up after an interval of time equal
to the total transmissiontime as indicatedin the RTS/CTS
messagexchangebetweenthe sendeirecever pairs.

In our SA-DSR protocol, the sleep and awvake schedule
is determinedfrom prediction of link expiration basedon
the queuecontentsof the paclet schedulerand the network
interfacedevice timeoutvalue. Toward that end,the SA-DSR
protocol computesthe minimum time to transmitall paclets
currently residing in the packet schedulingqueueand adds
the device-speci ctimeoutvalue.Theresultinglink expiration
time is consenrative in that it ignoresthe possibility of more
pacletsbeing addedbeforethe timeoutexpires, which would
increasethe link lifetime.

I1l. SYSTEM MODEL

A. ProblemFormulation

DPM supportenepgy conserationby makingmobilenodes
put their wirelessnetwork cardsto sleepwhen no datacom-
municationis taking place.A consequencef this technique
is that mobile nodeswill be unreachabldor large periodsof

time. Therefore,we needto know the accuratenetwork “up'
and ‘down' times in order to introduce DPM awarenessn
routing decisions.We de ne the route uptime factor (RUF)
as a metric which indicatesthe next earliest time when the
link betweenary pair of adjacentnodeson a routeis going
to be interrupteddue to one (or both) of the nodesbeing put
to sleep.Now we derive RUF asfollows:

If we assumenodesas verticesand the links betweenthe
nodesasedgesconnectinghem,thenlet G(V,E) be the graph
representingthe network topology where V is the set of
verticesand E is the setof edges.Let

@)

be the route from sourcenodeV; to target nodeV, through
intermediatenodes Vi, Vi+1 , etc. Let ; be the set of all
possiblealive routesbetweenV; andV;. The DPM sleeping
scheduleS; for therouteR;; is de ned as

)

wheret; ' ' is the next earliesttime to sleepfor nodeV;. We
de ne thelink uptimevectoror L; for therouteR;; as

®3)

wheret? is the uptimeof thelink E;; +; connectingnodesV;

andVi,; andis de ned by min(t;°" " ;tj.; °' '), sinceuptime
of alink is determinedy how long thelink will bealive before
breakingdown dueto one of its endnodesgoingto sleepand
thus essentiallyis expressedby the minimum of the DPM
sleepingscheduleof the end nodes.The route uptime factor
RUFj for routeR; canbeexpressedsthe minimum of the
link uptime vector L along the route sinceit will indicate
how long the routewill be alive beforebreakingdown dueto
the breakin ary of its constituentlinks:

RUFj = min(t%;Vi 2 Vv;tS 2 L) 4)

Therefore,we can summarizethe problem as obtainedin
Problem1.

Problem 1 Giventhe next earliesttime to sleept;° ' for
eachnode V; 2 V in the graphG(V,E), accumulatethe set
of all possibleroutes j betweemodesV; andV; with the
correspondingoute uptime factors RUF;; for eachR; 2

ij and nd the min-hoproute R; from the setof all stable
routes i . If thereare more than one routeswith the same
min-hoplength, thenthe onewith the maximumroute uptime
factorvalueis selected.

B. Assumptiongor SA-DSR
We male the following assumptions:
Wirelesslinks are bidirectional, i.e., the route found in
the RREQ paclet can be reversedand usedto sendthe
routereply (RREP) paclet.
We use a naive method where neighboring nodes ex-
changehello message$o achiere clock synchronization



amongthem. Thereexist a numberof robust clock syn-
chronizationalgorithms[11] [12] for multi-hop wireless
networks andwe will explore themin our future work.
The DPM scheduldor mobilenodess predictedrom the
queuecontentsof the paclet schedulerand the network
device timeout value. The DPM scheduleis somavhat
conserative since it ignores the possibility of more
paclets being addedbeforethe timeoutexpires.

IV. STABILITY AWARE DYNAMIC SOURCE ROUTING

Thereare two key differencesbetweenSA-DSR and stan-
dard DSR. Firstly, SA-DSR introducesDPM Awarenessin
routing decisionsat intermediatenodes.The discoseredroutes
are always stablesince the routing module employs a Route
Stability Prediction (RSP) Algorithm which proactiely dis-
cardsthe forwarding of RREQ pacletsfor predictedunstable
routes onthebasisof the Link UptimeVectorL; containedn
the RREQpaclet. Lj; is dynamicallyformedby intermediate
nodesduringtheroutediscovery phase Secondlyunlike DSR,
SA-DSR nds multiple stable routesto the target node by
allowing the intermediatenodesto forward multiple RREQ
paclets with the same < source address,requestid> pair
containingdistinct sourceroutes.Although having moreroute
discovery can contribute to an increasein the total network
traf c, this increasein trafc is expectedto be compensated
by proactvely avoiding the forwarding of RREQ paclets for
predictedunstableroutesby intermediatenodes.

SA-DSRconsistsof threesteps:(1) Routediscovery phase,
(2) Routereply phaseand (3) Route selectionphasein the
sourcenode. Thesestepswill be describedin the remainder
of this section.

A. Routediscovery phase

Whena sourcenodeneedsto senda datapaclket to a tarmget
node, it rst searchedts routing table for any entry using
the target node addressas the key. An entry in the routing
cachecontainsa list of stableroutesto the target node. If
a routing cacheentry is found, then the sourcenode picks a
routebasedon the RouteSelectionRS)Algorithm If no entry
is found for the target node, then the sourcenodeinitiates a
route discovery for the target. The o w of operationsat the
sourcenodeis showvn in Figure 1.

SA-DSR adds ve new entry typesto the RREQ paclet
format of standardDSR.

2) DPM Sleeping Schedulefor the last upstreamnode
(tupstr m of f ),

3) Timestampat sourcenode (Tstamp > ©),

4) Timestampat last upstreamnode (Tsamp P ™) and,

5) PerHop TransmissionTime (T ans P "°P).

SA-DSR allows intermediatenodesto forward multiple
RREQ paclets with the same< sourceaddressrequestid>
pair if the paclkets containdistinct sourceroutes.During the
RREQ lookup at intermediatenodes, the 4-tuple < source
addressyequestid, last upstreamnode addresspartial route
length> is checled with each entry in the recently seen
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Fig. 1. SA-DSRroutediscorery phaseat sourcenode

requestdlist for possiblematch.If no matchis found, then
the RREQ containsa distinct sourceroute and is eligible to
be forwardedif the containedsourceroute is predictedto be
stable.

Route Stability Prediction (RSP)Algorithm SA-DSR pre-
dictstheroutestability usingalink by link stability prediction.
Eachintermediatenode executesthe RSP algorithmfor each
receved RREQ and predictsthe stability of the link between
itself and the last upstreamnode. All previous links in the
sourceroute areassumedo be stable,otherwisethe previous
upstrearmodeswould not have forwardedthe RREQ paclet.
Thus the stability of the currentlink ensuresthe stability of
the entire sourceroute. For eachreceved RREQ, the RSP
algorithmin the K + 1-th intermediatenodeV +1 calculates
the uptime of the link betweenitself and the last upstream
noderecordedn the RREQandappendst to the Link Uptime
Vectorin the RREQ. It also calculatesa running averageof
the PerHop TransmissionTime from the sourcenodeto itself
T ans " "°P which takesinto accountvaryingperhoplateny
in caseof the mobile nodeshaving varioustypesof wireless
interfacedevices (i.e., 802.11or Bluetooth).If the uptimeis
lessthan Tsiamp € + (3 K Ty ans " "°P), thenthelink will
not be stablefor the entire period of 3-way exchangesf the
RREQ, the following RREPand then the datapaclet. Hence
the intermediatenodediscardsthe RREQ.

If the partial sourceroute Rg ¢k +1 IS predicted stable,
thenthe intermediatenode Vk +1 rebroadcastthe augmented
RREQandstoresthe 4-tuple < sourceaddressrequestd, last
upstreamnode address partial route length> in its recently
seenrequestdist. The entire o w of processest theinterme-
diate nodeis shavn in Figure 2.

B. Routereply phase

When the RREQ reachesthe target node, it executesthe
RSP algorithm in the sameway as the intermediatenodes.
If the sourcerouteis predictedto be stable,the target node
sendsan RREP paclet back to the sourcealong the reverse
path recordedin the RREQ. SA-DSR addsthree new entry
typesto the standardDSR RREP paclet format:



Accept

<src, id, last hop,
route length>
already seen?

Host's address.
already seen in
partial route?

link uptime long
enough for data
transmission?

yes

Append MyAddr,
link uptime,
schedule to RREQ Y

Send
RREP
Store <src, id,

last hop, route
length> in list

v

Broadcast
RREQ packet

Fig. 2. SA-DSRroutediscorery at an intermediatenode

1) Link UptimeVector: TheL;; for the entiresourceroute.

2) Earliest Down Time: Tgown" °*, The minimum of all

the Link Uptime Vectorelements.

3) EstimatedTransmissionTime: Ty ansT ot ©, as calcu-

latedin the route stability predictionphase.

The RSP algorithm during the route discovery phasedid
not take into accountthe length of the entire sourceroute
to the target node and hencemadea predictionbasedon the
stability of the partialroutefrom the sourcenodeto itself. This
might lead to somefalse predictionsand henceneedsto be
correctedat the intermediatenodesduring forwarding of the
RREP paclet. The intermediatenodesexecutethe Modi ed
Route Stability Prediction (MRSP)Algorithm Supposethere
aretotal L links recordedn the sourcerouteof the RREQand
it arrives at the K -th intermediatenode Vi (counting from
the sourcenode). Vk computesthe time Tx ™" € at which
the datapaclet will arrive at the target node after a two-way
travel of total (L + K 1) numberof links, sincethe RREP
travels anotherK 1 links to arrive at the sourcenode and
the datapaclet travels L links to arrive at the target node. If
this Tk ™" © is greaterthan Tgown ' °"® of the route, then Vk
discardsthe RREP

C. Routeselectionphaseat the souice node

A successfullyreceved RREPin SA-DSR always ensures
that the route is predictedto be stable for the estimated
datatransmissiorperiod (becausef the consenrative stability
predictionusedin our approach)A sourcenodeon having a
successfuRREP paclet back, cachesthe learnedroute, the
RUF for the route and estimatecdtransmissiortime alongthe
routein its routing table (the lasttwo itemsare obtainedfrom
the Earliest Down Time and Estimated TransmissionTime
elds of the RREP respectrely). The routes are stored in
increasingorder of their lengthin the routingtable.Whenthe
sourcenode sendsa datapaclet, it exhaustvely searchests
routing tableaccordingto the RouteSelection(RS)Algorithm

The RS algorithm selectsthe min-hop stableroute (the rst
entryin theroutingtable)for thetargetnode.If therearemore
than one entry with the samemin-hop length, thenthe route
with the maximumvalue of RUF is chosen,sinceit hasthe
highestpredictedlifetime.

V. EXPERIMENTAL RESULTS

In order to evaluate the performanceof SA-DSR, we
performedsimulationsin Jist/SWANS simulatorto studylarge
and complex network topologies.JiST!, Java in Simulation
Time, is a discrete event simulator designedto run over a
standardJava virtual machine.SWANS, a ScalableWireless
Ad hocNetwork Simulator is built on top of the JiST platform
to provide the tools neededo constructa wirelessmobile ad
hoc network.

A. SimulationSetup

The number of transmitting source nodes,the number
of paclets each source node would transmit and the
awake percentagefor each source node can be input
at the beginning of each simulation. The simulation
driver simulatesa randominterval repeatedlyfor each
transmittingnode.
Each node staysawake for the input awake percentage
of that simulatedrandominterval andnoti es the routing
module aboutits next earliesttime to sleepeachtime
whenit awakes.
The simulation driver gives us one sink node and a
variable numberof transmittingsourcenodes.SA-DSR
will beimplementedn a distributed event-basegublish
subscribesystemwheretherewill be only oneeventbro-
ker to matchanddeliver the eventsto the corresponding
customersThe reasonto useonly one sink nodeis that
the customersshouldbe ableto nd stableroutesto the
single broker node.
EachSimulationwasrun for 5 trials, with a full rangeof
awake percentagegrom 0% to 100% with an interval
of 10% Each trial was run for 500 seconds.Each
transmittingsourcenodeattemptgo sendonedatapaclet
to the sink node.

More detailsaboutthe simulationsetupare givenin Tablel.

| Parameter | Value |
Network Area 2500mX2500m
No. of SourceNodes 100
Min Frequeng 2.4 GHz
Bandwidth 1 Mb/s
TransmitStrength 15dBm
AntennaGain 0.0dB
Radio ReceptionSensitvity -91 dBm
BackgroundTemperature 290K
Temperaturdractor 10.0
Ambient Noise 0.0 MW
Paclet Length 40 bits
SNR-LIM 10.0
TABLE |

NETWORK SIMULATION PARAMETERS

http://jist.ece.cornkedu/



Fig. 3. RouteDiscovery SuccesRate

Fig. 4. Paclet Delivery Rate

B. Results

We evaluateand comparethe performanceof SA-DSR to
that of standardDSR in termsof the following metrics:

In Figure 3, we measurethe route discovery succesgate
for both of the protocols.We de ne route discovery success
rate asthe ratio of numberof successfusourcenodesgetting
RREP paclets back to the numberof sourcenodessending
a RREQ paclet. This graphgivesan impressve performance
improvementof SA-DSRover standardDSR (up to 60%). It is
expectedbecaus&SA-DSRuseshoththe min-hopandstability
metricsin routediscovery and nds moreroutesthanstandard
DSR, which never takes into accountthe link down times of
nodesalongthe sourceroute. At awake percentagef 100%
DSR should have the sameroute discovery succesgate, the
slight differencebetweenthe DSR and SA-DSR performance
is dueto the differencein network connectvity duringvarious
simulationtrials.

In Figure 4, the avermage numberof routes per node has
beendepicted.lt shovs how SA-DSR nds more routesper
node(almostmorethan3 timesin somecasesith increasing
awake percentage.

VI. CONCLUSION AND FUTURE WORK

This papershavs that SA-DSR provides a signi cant im-
provementin route discovery successrate with comparable
route establishmentind maintenanceoverheads SA-DSR is
aggressie in sensethat it proactvely discardsary RREQ
which is predictsto be non-stableand thus might lead to
a scenariowhere the source node fails to nd ary stable

path to the sink node.We suggestthat for non time-critical
applicationsSA-DSR measures probabilisticstability of the
routeandforwardsall RREQsabove a desiredguarantedevel.

Future works would study how SA-DSR performs with
respectto other route stability aware protocolsas described
in [13], [14] or [15]. These protocols takes into account
node mobility asthe reasonof link breakagewhile SA-DSR
considersmobile nodesswitching off their network cardsto
low-power sleep modesin absenceof signi cant network
traf c.

SA-DSR combinesthe two metricsstability and minimum
distance.Future work would also study the combinationof
other metrics such as real-time or minimum-enegy com-
municationand how to obtain a balanceof these multiple
constraintdo make the new protocolyield good performance.
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