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Minimum Enegy RoutingSchemedgor a
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Abstract—Many theoretical studiesshaow that power con-
sumed by the routing of data-packetsin a wirelessad hoc
network can be significantly reducedcompared to the cur-
rent min-hop max-power routing. But, in practice this is
difficult to achieve since existing protocols do not provide
accurate power information and do not exploit thesesavings
in a mobile ervironment. This paper enumeratespractical
modificationsto existing ad hocrouting and MAC layer pro-
tocols (i.e. the Dynamic Source Routing protocol and the
802.11MAC layer protocol) that reducethe power usedand
teststhem on the Network Simulator (ns) framework.

Keywords—Wir elessAd Hoc Networks, Routing, Energy.

I. INTRODUCTION

Wirelessad hoc networks usuallyconsistof mobile bat-
tery operatedcomputingdevices that communicateover
the wirelessmedium. Thesedevicesare batteryoperated
and hencethey needto be enegy conservingso that the
batterylife is maximized.While researctcontinuego re-
ducethe enegy consumptiorfor the CPU, userinterface
and storagefor the devices, the enegy for transmission
of a paclet in the wirelesschannelremainsquite signifi-
cantandmayturn outto bethehighestenegy-consuming
componenbf thedevice. Hencethereis aneedfor design-
ing minimumenegy routingprotocolsthatensurealonger
batterylife. For sucha protocoldesign,we needto look
away from the traditionalminimum hop routing schemes
and designnew routing schemeghat take the transmis-
sion enegy into consideratiorfor choosingthe appropri-
ateroute. Efficient minimum enegy routing schemesan
greatly reduceenegy consumptionand leadto a longer
batterylife of thedevice.

Ad hoc routing protocolscan be broadly classifiedas
table driven routing protocols and sourceinitiated on-
demandrouting protocols [17]. The first approachuses
a routing table which is maintainedvia periodic updates
from all the othernodesin the network irrespectie of the
fact that the network may not be actve in termsof data
traffic. Theon-demandapproachpntheotherhand,sends
outrequestsgor routesto thedestinatioronly if thesource
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node hasdata-packts which are to be sentto the desti-
nation. In our previouswork [2] we shaved thatthe ta-
ble drivenschemesremoreexpensve in termsof enegy
consumptioras comparedo the on-demandschemede-
causeof thelarge routingoverheadncurredin theformer.
Thereforewe focuson on-demandoutingprotocolsin this
study There have beenmary prior studiescarried out
which aim at developinggeneralizepower aware/enagy
awarerouting schemes.Subbarao [19] conductsan ini-
tial investigationof enegy efficient routing and develops
a minimum power routing schemeusing the table driven
protocolapproachSinghetal.[18] introducepowveraware
cost metricsfor routesand designrouting schemeghat
minimize thesemetrics. They also suggestMAC layer
modificationswhich power down the nodeswhen inac-
tive to obtain enegy savings. The schemesuggestedy
Ramanathaetal. [15] bringsaboutpower savings by us-
ing transmitpower adjustmento control the topology of
amulti-hopwirelessnetwork. Rodupluetal. [16] develop
adistributed positionbasedchetwork protocolthatusedo-
cationinformationto computethe minimum power relay
routeto the destinatiorwhich minimizesthe enegy con-
sumedfor routing the paclets. Changet al. [4] propose
algorithmsto selectroutesand correspondingpower lev-
elsin astaticwirelessadhocnetwork suchthatthesystem
lifetime (in termsof batterylife) is maximized.Brown et
al. [3] studythe fairnessof differentpower awarerouting
objectves. All thesestudies,however, do not focuson
practicalissuesaboutthe overheadghe routing schemes
incur andtherelative costof theseoverheadsiscompared
to the enegy savings promisedby theseschemeslin this
paperwe develop minimum enegy routing schemesy
modifying the existing protocollogic. Theseschemesre
thenanalyzedn termsof the overall enegy savings they
achieze ascomparedo the minimumpossibletakinginto
accountall overheads.In the processwe identify funda-
mentalprotocolchangesecessarjo bringaboutoptimum
minimumenegy routing.

Il. OVERVIEW OF THE EXISTING PROTOCOLS

We beggin by outlining the existing versionof the Dy-
namicSourceRoutingprotocol(DSR) [10] andthe802.11
Medium AccessControl protocol [9] since thesewill
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sene asa baselinefor our comparison. Other protocols
that could have beenconsideredverethe DestinationSe-
guencedDistanceVector routing protocol (DSDV) [13]
andthe Ad-hoc On-DemandDistanceVectorrouting pro-
tocol (AODV) [14]. However, the DSDV protocolis a
tabledriven routing protocolandamongthe DSR andthe
AODV protocolstheDSRprotocolhasbeenmplemented
on a wirelessad hoc network consistingof laptopswith
IEEE 802.11WavelLAN cards [12]. This promptedusto
chooségheDSRprotocolasabaselindor ourexperiments,
sincein our futurework we wishto implementtheinnova-
tionsdescribedn this paperin aworking ad hocnetwork.

A. TheDynamicSouce Routingprotocolmedanism

TheDynamicSourceRoutingprotocolis anon-demand
routing protocol that is basedon the conceptof source
routing. Theprotocolmaintainsaaroutecachen eachnode
which is updatedasnew routesarelearned.Whenanode
hasa paclet to sendto somedestination,it looksin the
cacheto determindf it alreadyhasa routeto the destina-
tion. If thereare multiple routesto the destinationin the
cache,the routing logic selectsthe minimum hop route.
The nodetheninsertsthis routein the routing headerof
the data-packt and sendsit to the MAC layer for trans-
mission over the medium. In casethe sourcenode has
no routeto the destinationin its cache,it initiatesa route
discovery process:it broadcasta RouteRequespaclet
containingthe destinationnodeaddressthe sourcenode
addressainda unigueRequestD. Eachnodethatreceves
therouterequesthecksts cachefor arouteto thedestina-
tion in casethe'reply from cache’optionis enabledn the
routingagentiogic. If thisoptionis disabledor if noroute
is foundin thecachethe nodeaddsits own addresgo the
addresxhainin therouterequespaclet andrebroadcasts
the paclet. However, in casethe nodehasalreadyheard
arouterequestwith the samerequestD earlier thenode
doesnot rebroadcasthe paclet. This continuestill the
paclet reacheghe destinationnodeor, if the 'reply from
cache’optionis enablediill it reaches® nodethatknows a
routeto thedestinationHereagain,in casetherearemul-
tiple routestheminimumhoprouteis selected Thisnode
makesup a RouteReplypaclet andinsertsthe full source
routeto the destinationin the routereply paclet anduses
thereverseroutefrom itself to the sourcenodeto routethis
reply paclet to the sourcenode.

Routemaintenancés carriedoutin casethelinks in the
routesbeing usedbreakdueto channelfluctuationsand
nodemobility causingherecevedpowerto fall belov the
recever sensitvity threshold RouteError pacletsaregen-
eratedatanodein casethelink layerreportsa brokenlink
duringadata-packt transmissionThis routeerror paclet

is routedto the sourcenodeof the data-packt throughthe
intermediatenodesin theroutesothatthey canupdatethe
cachesby remaving the hop in error and truncatingall
otherroutesthat containthat hop till that point. Further
detailsaboutthe DSR protocolcanbefoundin [10].

B. The802.11MAC layer protocol

The basic accessmethodin the 802.11 MAC proto-
col is the Distributed CoordinationFunction(DCF). The
DCF definestwo ways of transmittingdataframesover
the medium: the so called two frame exchange and the
four frameexchange mechanism.

In thetwo frameexchangg, thestationtransmitsa DATA
frameif themediumis determinedo beidle for aninterval
thatexceedshe Distributed Inter FrameSpace(DIFS). If
themediumis busy, the stationwaitstill thechanneisidle
for aDIFS andthengenerates randombacloff periodfor
anadditionaldeferraltime beforetrying to transmitagain.
Therecever senddmmediatepositive ACK framesto the
sendemafterthe successfuteceptionof eachdataframe.

Thefour frameexchange schemdransmitsspeciakhort
Requesilo Send(RTS) andClearTo Send(CTS) frames
prior to the transmissiorof the actualDATA frame. The
transmittersendsan RTS frameafterthe channehasbeen
idle for a time intenval exceedingDIFS. On receving an
RTS frame the recever respondswith a CTS frame. In
casethe CTSframeis notreceivedwithin apredetermined
time intenal, the senderretransmitsthe RTS. After the
successfubxchangeof theRTSandCTSframesthe DATA
frameis sentby the senderand the ACK is transmitted
by therecever afterthe successfuteceptionof the DATA
frame.Usingthisfour frameexchangaenechanisnleadsto
areducedprobability of collisions. However this reduced
probability of collisionsis achiered at the expenseof an
increasecenegy overheadnvolved with the exchangeof
RTS and CTS frames,which can be significantfor short
dataframes.

In bothschemesall framesaretransmittecatfull power.
The network designercan decidewhich schemeis to be
usedfor the DATA frame transmissiorby settinga pro-
grammableacletsizethreshold Packetssmallerthanthis
thresholdare transmittedusing the two frame exchange,
otherwisethefour frameexchangds used.Furtherdetails
regardingthe 802.11protocolcanbefoundin [9].

I11. WHY WE THINK WE CAN DO BETTER

A numberof factorscanbe exploitedto reducethe en-
ergy consumedy theseprotocols.In this sectionwe first
presentthe enegy modelusedfor our analysisandthen
explain eachof thefactors.



IEEEINFOCOM 2002

Theenegy expendedn sendinga data-packt of size D
bytesoveragivenlink canbemodeledas

E(D) = K1D + K> 1)

Feeng etal. [6] proposeasimilar modelin their studyto
describeheperpadetenegy consumptionln ourmodel

K, = (Ptpacket + Pback) % S/BR (2)
Ky = ((PtMACDMAC+Pf(wkecheader) XS/BR) +Eback
()

wherePbek and Eback arethe backgroundpower anden-
ergy usedup in sendingthe data-packt, PM4C is the
power atwhich the MAC pacletsaretransmitted, DMAC
is thesizeof theMAC pacletsin bytes,D"eeder jsthesize
of thetrailer andthe headerf the data-packt, Rf’“k“ is
the power at which the data-packt is transmittedand BR
is thetransmissiorbit rate.In orderto simplify our analy-
sis,we assumePbeck and Ebeck to bezeroin our study

A. Requiedenegy deceasegapidly with distance

For a giventhresholdpower P,, the minimum transmit
power P, requiredfor successfuteception,assumingno
fading,canbegivenas

Py(d) = Pd"/K (4)
whered is the distancebetweenthe two nodes,n is the
pathlossexponentand K is a constant.Typically n takes
thevalueof 4. In caseof maximumpower minimum hop
routing usedin typical ad hoc routing protocolslike the
currentversionof DSR, this transmit power is fixed to
280mW (asperwirelessLAN 802.11specifications)Us-
ing (1), (2) and(3), the minimumtransmissiorenegy re-
quired for successfukeceptionin termsof P; and data-
pacletsize D canbegivenas

E(D,P) = K{P(D + D"y + Ky (5)

and substitutingthe value of P; obtainedfrom (4) in (5),
we get

Ey(D,d) = K{(D + D"**")d' + K, (6)

Typical valuesfor K, K{ and K, in a two frame
exchange802.11 MAC environmentwith ACKs sentat
full powver and a 2Mbps bit rate are 4us/byte, 2.8 x
10~1%u.J/(byte m*) and 42u.J respectiely. The trans-
mission enegy for the currentversion of the protocols
(Pmaz) is fixedfor afixeddata-packt of size D bytesand
canbegivenas

Ema:c(D) = K3D + Ko (7)
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Fig. 1. Enegy sarzingspossibleusingtransmitpower control
whereK3 hasthevalueof 1.162u.J/byte.
The enepgy savings that can be obtainedby using the
minimum transmitpower insteadof the fixed maximum
power for the data-packt transmissioris givenas

S(D’d) :Emaac(D)_Et(D’d) (8)

The plot of thesesavings vs. the distancebetweenthe
two nodesfor a data-packt size of 512 bytesanda two
frame exchangeMAC layer schemecan be seenin Fig.
1. This givesus a fair ideaaboutthe achiazable enegy
savings usingpower controlfor data-packt transmission.

B. Usingmulti-hoproutessavesneny.

Considera casewherethe minimumhoprouting proto-
col employs transmitpower control. In this casethereare
3nodes, b, cin astraightline andtheminimumhoprout-
ing choosedo route data-packtsdirectly from ato c. If
themulti-hoproutea-b-cis choserto transmitthe paclets
instead,i.e. b is usedasa relay node,the total transmit
enegy requiredwould be

Emulti(D7d7 dl) :Et(Dadl) +Et(D?d_d1) (9)

whered; isthedistancdrom Nodeato Nodeb andd isthe
distancdrom Nodeato Nodec. Thesavings,S(D, d, d;),
obtainedby goingthe multi-hoproutecanbewritten as

S(D,d,dy) = Ey(D,d) — Equi(D,d, dr) (10)

i.e.

S(D,d,dy) = Ey(D,d) — Ey(D,dy) — Ey(D,d — dy)
(11)
However the enegy savings obtainedby going multi-
hopdependonthevalueof thefixedenegy overheadK,
andthe distancefrom Nodea to Nodec. Fig. 2 shaws
a plot of % enegy savings vs d; for differentvaluesof
d fixing K as0.05E,,,, andshaovs thatfor larger d the
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Energy savings in a multi-hop route
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Fig. 2. Effectof fixedenepgy overheadperhopon enegy sav-
ingsobtainedusingmulti-hoproutes

savings is large andthe savings decreasesd decreases.
Further if Nodeb is too closeto Node a or Nodec, the
multi-hoprouteconsumesnoreenegy thanthedirecthop
route.

C. Existing DSR/802.1limplementationsre not enegy
efficient.

The existing versionof the protocolsdoesnot have ary
mechanisnto exchangethe paclet transmitpower infor-
mation so that transmitpower control canbe used. The
existing DSR/802.1implementatiordoesnotdiscorerthe
minimum power path dueto the route discorery mecha-
nismandtheroutinglogic selectghe minimumhoproute
from the cacheto routethe paclets. Hencein light of Fig.
2,theenegy expendedn routingthe pacletsby the exist-
ing DSR protocolcanbe muchhigherthanthe minimum
enegy required.

IV. MINIMUM ENERGY ROUTING AND WHY ISIT
HARD TO IMPLEMENT IN PRACTICE.

Minimum enegy routing canbe definedasthe routing
of a data-packt on a route that consumeghe minimum
amountof enegy to getthepacletto thedestination Min-
imumenegy routingrequiresheknowledgeof the costof
alink in termsof enegy, the discorery of existing min-
imum enegy routesandthe frequentmaintenancef the
enegy costinformationof theseroutes.Theissuesassoci-
atedwith the implementatiorof minimum enegy routing
arediscussedn detailin this section.

A. Minimumenepgy routingintroducesan overheadcost.

Minimum enegy routestranslateto multi-hop routes
which addanoverheadperhopbecausef theextra MAC
level signalingandprocessingnthe additionalhops.

B. Routinginformationis notfree

The nodeshave to sendout route requestsandreceve
routerepliesfor obtainingroutes. This informationneeds
to be cachedso thatit canbe usedin the future. Since
cachednformationcanbecomeinvalid over time, thereis
a tradeoff betweenhow often the cachedinformationis
updatedandtheoptimality of theroutes.Frequenupdates
requirea higher routing overheadand thus there exits a
tradeoff betweerthe freshness/optimalitgf the routesin
the cacheandtherouting paclet overhead.

C. Information for making power level decisionsis not
distributedin currentprotocols.

ThecurrentDSRandMAC protocolsprovide only con-
nectiity information in routing/control paclets, not the
informationaboutthe actualpower neededor successful
transmissiorof the paclet. Becausaf theabsencef such
amechanismthe existing versionof the protocolscannot
be usedto bring aboutminimumenegy routing.

D. Lowerpowerroutesmeanthat we haveno margin for
channelfluctuationsor measuementerrors.

For routingto be minimumenegy insteadof minimum
hop, our routing will choosemore multi-hop paths. Low
power multi-hop routesare more susceptibleto instabil-
ity becauseof channelfluctuations,measuremengrrors
andnodemobility ascomparedo thedirectminimumhop
route. Channelfluctuationsand measuremengrrorslead
to broken links when paclets aretransmittedat the mini-
mum power for transmittingdataover thelink.

E. Minimumenepgy routesare difficult to discover,

Considera scenariavheretennodesarein asingleline
andstatic. Thereis a singletraffic flow from the Node 1
to Node 10. Theroutediscorery mechanisnof the DSR
protocolinitiatesa RouteRequespacletfrom Nodel and
is repeatedlyfforwardedby eachnodethatrecevesit till it
reacheNode 10. The intermediatenodesdo not forward
the RouteRequesipaclet if they have alreadyforwarded
it oncebeforee.q. if Node 3 hasalreadyheardthe Route
Requesfrom Nodel andforwardedit, it will notforward
the samerequestvhich it hearswhenNode2 forwardsit.
Hencethe route obtainedby Node 1 in the RouteReply
will bearoutewhichis oneof theminimumhoproutesto
Nodel0.

F. Minimumenegy routesare difficult to maintain.

In thecurrentversionof DSR,routemaintenancés car
ried out by therouteerror pacletsonly whenthelinks are
broken. Thereis no route maintenanceloneto indicate



IEEEINFOCOM 2002

the changdn the quality of alink. In the currentprotocol
versionno mechanisrmupdateghe informationaboutthe
changingpower requirementshatoccuron thatroutedue
to nodemobility.

Mobility also causeghe creationof nen lower power
routesthatarebetterin termsof enegy savings. A cached
low power routemay still be valid in the sensehatit will
successfullydeliver a paclet, but this routemay be subop-
timal in casea lower power routehascomeinto existence
dueto changesn thenetwork topology For example with
3 nodesa, b, andc andthe lowestenegy routefrom ato
c at oneinstanceof time is a-c. Now becauseof node
mobility, b movesto a positionbetweena and ¢ making
the new optimal minimum enegy routefrom ato c asa-
b-c. Therefore to maintainminimum enegy routing, ad-
ditional route maintenancevhich goesbeyond achieving
basicconnectiity is required.

Summarizingthe existing routingandMAC layer pro-
tocolsdo not provide a readyframevork for implement-
ing minimum enegy routing. Minimum enegy routing
requireghediscovery of fresh,optimumlow powerroutes
which comewith amessageverheacdcost. Nodemobility
andchanneffluctuationsaddto the problemof instability
of low power routesandtheseproblemshave to be over
comein orderto successfullymplementminimumenegy
routing.

V. MODIFICATIONS/OPTIONS ADDED TO THE
CURRENT VERSION OF DSR

We have consideredh large rangeof modifications.We
describethe 8 optionswe exploredfor this paperin this
section. The next sectionclassifiesthe implementation
costsof the options.

A. Routingpadet basedpowercontiol

This optionenableghe controlof the data-packt trans-
missionpower insteadof having a fixed maximumpower
transmission. This option modifies the route request
paclet headerto include the power at which the paclet
wastransmittedoy thesourcenode.Let Prx bethistrans-
mit powerin dBW. Thereceving noderecevesthis paclet
at power Prx in dBW. Let Pry,..sp, bethethe minimum
power level requiredfor a successfureceptionin dBW.
The minimum power requiredfor the transmissiorof the
paclet so that it is successfullyreceved by the recever
(Prxmin) canbethencalculatedn dBW by thereceving
nodeas

Prxmin = Prx + Prhresh — Prx (12)

The recever node canreadthe value of Prx from the
headerof the receved paclet. To overcomethe problem

of unstabldinks dueto channefluctuationsandnodemo-
bility, amagin M is included.Hence(12) becomes:

Prxmin = Prx + Priresh — Prx + M (13)

What essentiallyis beingdonein (13) is determiningthe
valueof P, in (5) sothatthe valueof K in (1) canbe
computed. This power value Prx,in IS includedalong
with the nodelD in the routerequestpaclet information
andthe paclet is re-broadcastetdy the recever nodein
caseit doesnt find the routeto the destinatiormodein its
cache.Thedestinatiomodereversegheroutein theroute
requespaclket andinsertsthis power informationfor each
hopin theroutingheaderof theroutereply pacletto route
the route reply paclet to the sourcenode using transmit
power controlat eachhop. The sourcenodegetsthe exact
power valuesof eachhopfrom theroutereply from which
it calculatesthe total power requiredto get to the desti-
nation. This per hop power informationis storedin the
sourcenodes cachewith the route. For routing the data-
paclet, the sourcenodesimply insertsthis per hop power
informationin the routing headerof the data-packt and
sendst outatcontrolledpowver. Eachnodeforwardingthe
pacletsimplylooksupthenext hopin thesourcerouteand
theminimumpower requiredto getthereandtransmitshe
paclet at the controlledpower level. For our experiments,
we usea factorof 2 (=3.01dB) asthe magin M because
we considerthe factorof 2 areasonabléradeof between
enegy savingsandrouterohustness.

All the broadcas{routerequestandMAC layer signal-
ing) pacletsaresentatfull powerandall theotherpaclets
(routereplies, route errorsand data-packts) are sentout
at the controlledpower. Thereis no power control of the
broadcaspacletssothatthe broadcashatureis presered
in the sensethat the broadcasinformation is sentto as
mary nodesaspossiblein onetransmission.

An importantassumptiormadehereis that the noise
floor is the samefor all nodesand hencethe routesare
bidirectionalin nature. In casethis is not true, this noise
floor level informationcanbe includedwith the transmit
power informationand canbe usedto calculatethe min-
imum transmitpower requiredwhich is includedin the
routereplies. Note thatin this optionwe only controlthe
power of theexisting routesin thecachg(i.e. theminimum
hoproutes).

B. MinimumEnegy routing

Insteadof choosingthe minimum hop routesfor rout-
ing the data-pacét, the minimum enegy routeis chosen
from the cache.This optioncanonly beusedif the power
control optionis enabled. The routesstoredin the cache
containtheinformationaboutthe power requiredto getto
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thenext hop;thisinformationis usedto computeK in (1).
A fixedenegy overheadcostperhop (K5 in (1)) is added
to theenegy costto take into accounthe MAC overhead
incurredperhop andthe leasteneqgy costrouteis chosen
by theroutinglogic to routethe pacletto the destination.

C. Caderepliesoff

Theroutesin the cacheneedto befreshif optimalmin-
imum enegy routing s to be achiered. Maltz et al. [11]
discusgheeffectof on-demandbehaior in adhocrouting
protocolsandstatein their resultsthatin a typical simu-
lation scenariothe majority of the routereply pacletsare
basedon cacheddataandonly 59% of thoserepliescarry
valid routes. Hencefor minimum enegy routing where
freshnesf routesis even more important, repliesfrom
the cachehave to bedisabledto make surethatonly fresh
routesarebeingusedfor the selectionof the minimumen-
emy route.

D. Internal Cachetimeouts

Even though cache-basedoute replies are disabled,
eachnode maintainsan internal cacheof routesit has
learnt for routing paclets that it originates. Among the
routesin this internal cachethere are going to be some
routesthatareno longervalid becausef the nodemobil-
ity; theseroutesshouldnot be consideredvhile choosing
theminimumenegy route. Hencethereshouldbeatime-
out associatedvith eachroutein the internalcache. The
derwation of thistimeoutvalueis givenin the Appendix.

E. Multi-hoproutediscorery

Sofar, sincerouterequestarebroadcasat full power,
the requestghat get forwardedand reachthe destination
nodetendto be on the minimum hop routes. This option
enableghe nodeto cachethe routesit hearsin the route
requestsand snoopson route repliesnot directedto the
node. The nodethen checksif it lies on a lower power
paththanadwertisedin the routereply usingits cacheand
the route reply information and sendsa gratuitousroute
reply with the lower power pathto the source.Thusin this
mannerthe nodescancorverge to the optimumminimum
enegy route.

F. MAC layer ACK powercontmol

Thecurrentversionof the802.11limplementatiorsends
anACK replyto every DATA framesent. The ACK trans-
mittedis at full power accordingto thecurrent802.11im-
plementatiorspecificationsven thoughthe DATA trans-
mit power canbe controlled. This full pover ACK over
headcanbereducedoy controllingthe power of the ACK

usingtransmitpower informationobtainedfrom the data-
paclet header This option enablesausto reducethe fixed
enegy overhead K5 in (1)) incurredin going multi-hop.

G. Route maintenanceusing power sensing of data-
padets

Thoughthe minimumenegy routesarediscovered,the
changesn the enepgy costsof thelink have to betracked
so that the enegy expendedis ascloseto the minimum
valueaspossible.Thistrackingcanbedonelocally onthe
link level by eachnodein the route; however in casethe
enegy costof a certainlink risesdueto the nodesmaov-
ing apart,theroutemayno longerbethe minimumenegy
route. Therefore,thesechangesn the enegy costneed
to be conveyed to the sourcenode,so thatit canchoose
otherlower enegy routesas needed.On the otherhand,
thesourcealsoneeddo know decreasem enegy cOstsso
thatit canproperlyassesgheinformationin thegratuitous
repliesthataregeneratedvhenOpt E andthe next option
areused. For thesereasonsyve implementan endto end
trackingmechanisnon the routing level insteadof a link
level implementation.

This optionenableghe nodesin a data-packt’s source
route to sensethe powver changesn the sourceroute as
the data-packt is forwardedto the destination Eachnode
senseshe power atwhichit recevesthe paclet andcom-
putesthe nev minimum transmitpower Prxminnew and
the new minimum transmitenegy Erxminnew required
by the previous nodeto successfullytransmitthe paclet
to it using (13) and (5) respecirely. The currentnode
compareghis enegy valueto the original value E1 xmin
calculatedrom Prx..in. Whichis advertisedin the source
routeandif

|ETXminnew - ETXmin‘ >T (14)
whereT is a thresholdvaluein dB, the nodesetsa flag
in the routing headerabout the changedpower costin
the routeandreplaceghe value of Prx,:, in the source
route by Prxminnew. NOW 0Oncethe destinationgetsthe
data-packt, it checksthe flag in the sourceroute of the
data-packt and makesup a gratuitousroutereply paclet
containingthe route with the new power informationand
sendghisreply pacletto the source.The sourcenodeup-
datesits cachewith this new power informationandthus
keepstrack of the power costchangef the links of the
route. The differencethresholdT’ is setto 2dB asit indi-
catesa significantamountof changen the enegy costof
the link and may signalthat a lower enegy costrouteis
available.
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H. MAC level DATA/ACK snoop/gatuitousreplies

In caseof nodemobility, lower enegy routescanform
after the initial route discovery of a low enepgy routeon
which the data-pacét flow is beingsent. The routemain-
tenancdogic shoulddiscover andtake advantageof these
routes. This option modifiesthe MAC ACK headetto in-
cludethe transmitpower information of the ACK frame.
A nodecansnoopon a data-packt not directedto itself
andthenonthe ACK for thedata-packt from therecever.
Thenodecomputegheenegy costfrom itself to thetrans-
mitter node(F,,rx) from the data-packt powver informa-
tion andthe enegy costfrom itself to the recever node
(Fiorx) from the ACK power information. Let E7xmin
betheadwertisedenegy costto getfrom thetransmitterto
therecever node.Now if

Eiorx + Etorx < ETxmin (15)
thenodeunderstandthatit liesonalowerenegy pathbe-
tweenthetransmitterandtherecever nodes.lt thensends
outagratuitousroutereply to thesourceof thedata-packt
informing it aboutthelower enegy route. This optionen-
ablesthe nodesto keeptrack of the optimum minimum
enegy routeovertime.

Fig. 3 shaws the protocolversiontree obtainedby en-
ablingtheoptions.

V1. COSTS OF THE MODIFICATIONS

The costsof the modificationscanbe classifiedaccord-
ing to two dimensions:

« Implementationcosts This reflects the cost of the
changeghathave to be madein therouting softwareor in
the mediaaccesdirmware or requirespecificradio hard-
warecapabilities.Someexamplesare:

— Includingextrainformationin the DSR paclet headers
will costachangédn theDSRpacletstructureandincrease
thepacletsize.

— Modifying the 802.11MAC layer protocolwill costa
changen the network cardfirmwarelogic.

— Introducing power control over the transmission
mediumwill costchangesn thepower circuitsin theradio
hardware.

« Networkscope A modificationmayrequirenone,some,
or all of the othernetwork nodesto implementthe change
in order for the network to begin deriving somebenefit
e.g.Implementingpathlosssensingof all links in the net-

work will requireall thenodes’softwareto bemodifiedfor

this changeo work successfullywhile evenonenodethat
choosesminimum enegy routeswill lower the network

enegy consumption.

DSR (original-
min-hop)

Opt A: Routing packet based Power Control enabled

v
DSR Data TX

L Opt B: Minimum Energy Routing enabled

DSR Min
power

L Opt C:
DSR min pwr
cache off

E: Multi-h i 1
Opt D: Int W cout enabled Opt ulti-hop route discovery enabled

DSR Min DSR multi-RR
Power cache snoop
timeout

Cache replies off enabled

Opt F: MAC ACK power control enabled

DSR multi RR
snoop mac control

Opt G: Route Maintenance using power sensing
of datpackets | enabled

A4
DSR -powersensing

Opt H: Data/A%K snoop/grat replies enabled

DSR multi RR snoop
Mac control Data-
Ack snoop

Fig. 3. ProtocolVersionTree

Tablel shaws the classificationof the costsfor eachof
the modifications. It is clearthat Opt A hasto be imple-
mentedfirst on all the nodesin order enablethe imple-
mentationof all the otheroptions.Opt A requireschanges
to be donein the routing software, the 802.11firmware
(for reportingthevaluesof Prx andPrp,.s), andthera-
dio hardware (for dynamictransmitpower control) for it
to beimplementedsuccessfullyOpt B, C, D andE onthe
otherhandneedchangesnly in the routing softwareand
evenasinglenodeimplementatiorof theseoptionscould
derive benefitsfor the system.This benefitincreasesvith
the numberof nodesthatimplementthesefeatures Opt F
and H requirea changein the 802.11firmware andtheir
implementatioron a single nodewill still derve benefits
for the system.Opt G requiresa routing software change
andneedsmplementedn somenodesnotablythesource
andthe destinatiomodesin the network to gainthe bene-
fits.
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TABLE |
CLASSIFICATION OF THE COSTS OF THE OPTIONS

IMPLEMENTATION COSTS
Routing 802.11 Radio
software Firmware | Hardware
NETWORK Single f))pl:E B, C, OptF, H
COSTS Some O,pt G
All Opt A Opt A Opt A

Opt A: Routing packet based Power Control
Opt B: Minimum energy routing

Opt C: Cache Replies Off

Opt D: Internal Cache Timeouts

Opt E: Multi-hop Route Discovery
Opt F: MAC ACK power control

Opt G: Route maintenance by data-packet power sensing

Opt H: Data/ACK snoop/gratuitous replies
VIl. TEST PROCEDURE

We usedthe network simulator(ns) version2.1b6 [5]
for our simulationsand the version of DSR usedas a
benchmarkwasthe versionthatwasbundledwith the ns-
2.1b6packageWe usedthe DSRversionwith thepromis-
cuoustapdisabled.Theenegy modelwe usedwastheone
bundledwith the ns-2.1bGackagewith thereceving cost
of a paclet setaszeroin orderto simplify our analysis.
The code modificationswere doneprimarily in the DSR
Agent code and the cachinglogic. New functionswere
addedto the routing agentand the formatsof the route
requestsand replieswere modified to include the power
information. We alsomodifiedthe paclet headerstructure
to includethetransmitandreceved power informationin
theheader

OntheMAC level we modifiedthe 802.11implementa-
tiontoincludethe ACK powercontrolandthe DATA/ACK
power sensingoptions. We emplo/ed the two frame
exchangeschemefor the MAC layer data transmission
by settingthe dotl1R'SThresholdparameterto a value
greaterthanthe simulateddata-packt size. The scenarios
usedto testthe protocolsaredescribedn the next section
in detalil.

For aclearanalysisof theenegy expendedby thenodes
duringthesimulation,we catayorizetheenegy consumed
into variouscomponentso understandheeffectof thedif-

ferentroutingmodifications/optionsn thesecomponents.

Hencethe total enegy consumedvasbroken up into the
following components:

« Enegy expendedn DSRrouting paclets(E;outing)

« Enegy expendedn MAC signallingpaclets(E,,,.c)

« Enegy expendedn data-pac&ts(E 4:0)

The data-packt enegy was divided further into the fol-
lowing parts:

« Enegy consumedy the MAC headelE,,,ochar)
« Enegy consumedy theroutingheadelE; putinghdr)
« Enegy consumedy thedatapayload(E4101¢n)
Herewe introducea concepfcalledthe God enegy: let
us assumehat nodesare given the preciserouting infor-
mationsothatthey have a perfectpicture of the network
topology Eachnodethencandeterminghepaththattakes
uptheleastenepgy to geta pacletto its destinatiorandthe
datais sentwithout arny overheadsThis enegy is termed
asthe God enegy of that paclet. The routing efficiency
of the protocolin termsof enegy canbe measureavith
respectio the God enegy, Egoq. Faataten — Eg0a Canbe
consideredstheroutinginefficiengy. Thesesnegieswere
loggedinto thetracefile by modifying thetracecodeto in-
cludethesefields. Thetracefile wasthenanalyzedat the
end of the simulationto get the differentenegy compo-
nentvalues.

VIII. SCENARIO DETAILS

We usediwo typesof scenariogo testtheeffect of each
of themodificationson the performancef the protocol.
« Staticscenario
A static scenarioof ten nodesin a straightline spaced
equallyapartwasusedby usto evaluatethe differentver
sionsof the protocol. Therewasa single CBR traffic flow
originatingfrom the last nodeto thefirst nodein theline.
This scenarias very easyto analyzeandgave agoodpic-
ture aboutthe effectsof the variousoptionson the enegy
expendedn therouting of the data-packtsin the system.
It is also a practicalscenarioof a slow moving car lane
wherethe carsform anadhoc network andthe occupants
wantto getdatafrom thebackof thelaneto thefront. This
scenarias idealin thesensehatit is designedo maximize
themulti-hop opportunitiesandit eliminatesvariability of
theresultsdueto mobility. It gave usa goodpictureabout
the performanceof the protocol versionsand gave us a
good idea aboutthe mostwe can hopeto achiere using
minimumenegy routing.
« Randomway-pointmovemenscenarios
We usedfour randomway-point movementscenariogo
study the effect of mobility and scalingin termsof data
traffic onthe minimumenegy routing protocols. The av-
eragenodespeedsonsideredvere0.001m/s,0.1m/sand
1 m/s. The scenariowith the averagenodespeed0.001
m/sis atypical scenaricof anadhocnetwork in aroomof
seatedoeople. The scenariowith averagenodespeedd.1
m/s getssomemobility in the pictureandwe could con-
sider this as an ad hoc network with low mobility. The
scenariowith averagenodespeedl m/sis a practicalsce-
nario of an ad hoc network wherea group of peopleare
moving aroundon foot andare communicatingwvith each
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TABLE Il
SCENARIO PARAMETER DETAILS
Scenario |# of | Average | Pause | Topology | Simulation | Traffic | Packet | Traffic
Name nodes | Node time | Size Time type Size in | rate
speed (sec) (secs) bytes | (packets
(m/s) m’ /sec/node)
Static 10 0.00 0.00 | 600x600 | 1500 CBR |512 0.1
Random |10 0.001 0.0 600x300 | 1500 CBR |512 0.1
Waypoint
Speed
0.001m/s
Random |10 0.1 0.0 600x300 | 1500 CBR |512 0.1
Waypoint
Speed
0.1m/s
Random |10 1 0.0 600x300 | 1500 CBR |512 0.1
Waypoint
Speed
1m/s
Random |10 0.1 0.0 600x300 | 1500 CBR |512 1
Waypoint
Speed
0.1m/s
Traffic
rate
scaling
| |
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Fig. 4. StraightLine StaticScenario

other This scenariocan be usedto obsere effects of a
highdegreeof nodemobility ontheroutingandgivesusan
estimateof the mobility till whichtheminimumenegy ad
hocrouting protocolscanbesuccessfullyused.Thetraffic
sourcezonsideredvereCBR sourcesvith apacletrateof
0.1 paclets/sec/nodeln all of thesescenariosgachnode
is a sourceanda sink for atraffic flow. Theflows startat
andcontinuetill theendof thesimulation.Thesce-

nariowith the higherpaclet rateof 1 paclet/second/nasl
wasemplo/edto testthe effect of higherdatarateson the
protocols’performance.

Tablell givesthe detailsregardingthe scenarigparam-
etersused.

IX. EXPERIMENTAL RESULTS

The resultsfor eachscenariocan be obsered for the
variousprotocolsin Fig. 4 — 8.
From the plots obtainedwe canobsere that at bestin

OoEOOm

Fig. 5. RandomwWay-pointscenaricspeed.001m/sec

Fig. 6. RandomwWay-pointscenaricspeed.1m/sec

a staticscenariocasewe canapproachwithin a factorof
2-3 of the god enegy using the minimum enegy rout-
ing schemesThis is achieved at the expenseof a slightly
higheroverheadin the enegy expendedn routing infor-
mation paclets becauseof being more pro-actve in dis-
coveringtheoptimumminimumenegy routeonwhichthe
data-packtsarefinally routed.For thestaticscenariacase,
theminimumhopversionof theDSRprotocolis highly in-
efficientin termsof enegy savingsasit consumesround
50 timesthe god enepgy requiredto getthe pacletsto the
destination.Thusfor the staticscenariominimumenegy
routingresultsin enegy savingsaround95%ascompared
to the minimumhoprouting.

For the randomway-point scenariowith a speedof
0.001 units/secthereare a total of 10 flows throughthe
network ascomparedo asingleflow in the staticscenario
case. Hereit canbe obsered that information obtained
by all nodesin routingthe pacletsof asingleflow is used
to routethe pacletsin otherflows too. The randomway-
point scenariohasfewer non-minimumhop routessince
the nodesare more spreadapartin the topology thanin
the static scenariocase. Hencethe normalizedenegies
with respecto the Godenegy aremuchlower in theran-
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Fig. 7. RandomwWay-pointscenaricspeedl m/sec

ODEOOm

Fig. 8. RandomWay-pointscenariospeed0.1 m/s andtraffic
rateof 1 paclet/node/sec

dom way-point casethanin the static scenariocase. As
the nodemobility rises,the routing inefficiengy risesfor
all the minimumenegy routing protocolversionsandthe
minimumenegy routingprotocolperformancdendsto be
similarto theminimumhoprouting protocolperformance.
Onereasorfor thisis thatat high mobility, theonly routes
that are stablearethe minimum hop routesandthe mini-
mumenegy routingchoosesheseminimumhoproutesto
getthe pacletsto the destination.It canalsobe obsened
thatimplementingOpt A givesusthe mostsignificanten-
emgy savings amongall the otheroptions. OptE, B, F, G
andH give usbetterbenefitan termsof enegy savingsas
comparedo OptC andD. Theremaybecertainscenarios
wherethe minimum enegy routing protocolcorvergesto
the optimum minimum enegy routewith the help of the
gratuitousrepliessentout by the nodes;theserepliesin-
creasehetraffic overthe mediumandeventhoughwe are
transmittingpacletsataratelow enougho avoid usingthe
four frameRTS/CTS/DATA/ACK exchangethis maylead
to increaseccollisionsresultingin more MAC signalling
overhead. However had we employed the 4 frame sig-
nalling schemethis would increasehefixedenegy over
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headper hop for the routing, leaving lessroom for min-

imum enegy routing gains. This suggestsa needfor an

enepgy conservingversionof the 4 frameexchangeMAC

layer signalling schemewhich could be a potentialarea
to investigateto bring aboutmoreenegy savingsfor high

datarates.

X. CONCLUSION

Whatour studiesshaw is thatmostexistingadhocrout-
ing protocolminimizethe numberof routingcontrolpack-
etsat the expenseof the informationthatis available for
enegy-baseddecisions. The resultis that only a small
fractionof enegy is spenton routingoverheadput theto-
tal enegy is alargefactor(e.g. 5-50)timesmorethanthe
theoreticaiminimum. We have developedprotocolmodi-
ficationsthat directly tradeoff morerouting overheadfor
lower total enegy and can bring down the enegy con-
sumedof the simulatednetwork within rangeof the the-
oreticalminimum in caseof staticandlow mobility net-
works. However as the mobility increaseswve find that
the minimum enegy routing protocols performancede-
gradesalthoughit still yieldsimpressie reductionsn en-
emgy rangingfrom factorsof 2—20ascomparedo themin-
imum hoprouting protocols performance.

We foreseeaa scalingproblemfor large numberof nodes
in termsof routingoverheadlueto the existingimplemen-
tationof the DSR cache We arecurrentlyworking to save
theenegy costinformationof eachindividual link in auni-
fied graphdatastructureof the nodes currentview of the
network topologyin a so-callediink cache [8]. This will
help the nodesto have a clearpicture of the network and
cornvergenceto the minimum enegy routewill be faster
cutting down on the gratuitousreply floods and thusthe
routingoverhead.

Our studiesalso demonstratea needfor developing a
modifiedversionof the currentMAC layerfour framesig-
nalling schemeo make minimumenegy routingschemes
practicallyefficient in termsof enegy savings. Note that
thisis not assimpleasreducingthe transmitpower of the
RTS andCTS pacletsasthe currentRTS and CTS logic
is baseduponthe factthat all RTS and CTS pacletsare
requiredto be transmittedat a certainfixed powver. Our
futureresearctplansincludeinvestigationin this areaand
developingmoregenericschemegor minimumenegy ad
hocrouting.

We concludefrom our studiesthat minimum enegy
routing protocolscan be designedand implementedby
making a few minor changesn the minimum hop ver
sion of the existing ad hoc routing protocolsand can be
deployed easilyin conjunctionwith the existing protocol
versionandleadto considerablenegy savings.
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APPENDIX

This sectionderves an internal cachetimeout mecha-
nism.
Let bethe probability thatthe routeis valid. Hence
is the probability that we have aninvalid routein
thecachelLet betheinefficiency in termsof costof this
routeand betheoptimalcost.Now if we sendoutaroute
discorery flood whosecostis say , sincethe reply from
cacheis turnedoff, the route we shall be obtainingafter
the route discovery is going to be the optimal route with
theoptimalcost.If weinsteaddo notdo aroutediscovery,
but sendout the paclet on the routewe have, with proba-
bility we shallreachthe destinatiorandwith probability
we shallencountea badrouteandthe paclet will
be droppedandwe have to do a routediscovery flood to
getthe routeto the destinatiorwhich costs . Hencethe
criteriafor sendingout aroutediscorery floodis:

(16)
where is the costof routingthe paclet till the point it
is droppeddueto thebadroute
Solvingfor weget
17)
andassuming and aresmallascomparedo ,(17)
reducedo
(18)

If (18)is true,thenthe optimal stratgyy is to sendout a
routediscovery flood.

To estimate , we assumdhatthe lifetime of alink (a
singlehop) is exponentialwith mean . Let denote
thedifferencein thetime theroutewasaddedo thecache
and the currenttime when we are looking up the route.
Let bethenumberof hopsin theroute. Hence canbe
written as

(19)

Henceif this valueof , we usetheroutein the
cacheotherwisewe flood out aroutediscovery. Thevalue
of canbeestimatedy thenodesby keepingtrackof the
averagelink lifetime of the routesin the cacheor by esti-
matingthe averagenodemovementspeedof the network.
Thevalueof is the costof floodingthe entire network
and canbe consideredas being . Thevalueof is
the costof routinga paclet throughthe averagenumberof
hopsin the network. The orderof the averagenumberof
hopsin the network canbe estimatedo be ", hence
thevalueof becomes . Thuswe canestimatehe
value of as ~ andhencethe valueof is com-
paredto ~in our experiments Thoughthis estimation
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is not entirely accuratejt providesa reasonablédasisfor
assessingoutestability.

REFERENCES
(1]

Broch,J.,Maltz, D., etal. “A performanceomparisorof multi-
hopwirelessad hoc network routing protocols, Proc. of MOBI-
COM, 1998,pp. 85-07.

Brown, T.X, Doshi,S.,Zhang,Q., “Optimal powver awarerouting

in a wirelessad hoc network,” IEEE LANMAN 2001 Workshop

Proceedingspp.102-105.

Brown, T.X, Zhang,Q., Gabav, H., “Maximum Flow Life Curve

for aWirelessAd Hoc Network;,” MOBIHOC 2001

ChangJ., Tassiluasl., “Energy ConservingRoutingin Wireless

Ad-Hoc Networks, Proceedingf IEEE INFOCOM 200Q pp.

22-31,2000.

Fall, K., VaradhanK., “The ns Manual, (formerly ns Notesand

Documentation)TheVINT Project:A collaborationbetweerre-

searcherat UC Berkeley, LBL, USC/ISIandXerox PARC

Feeng, L., Nilsson,M., “Investigatingthe Enegy Consumption

of aWirelessNetwork Interfacein an Ad Hoc Networking Envi-

ronment, IEEE INFOCOM2001

Grace,D., Tozet T., Burr, A., “ReducingCall Droppingin Dis-

tributed Dynamic ChannelAssignmentAlgorithms by Incorpo-

ratingPower Controlin WirelessAd HocNetworks! IEEEJSAC,

Vol. 18,No. 11, November2000,pp. 2417-2428.

Hu, Y., JohnsonD., “CachingStratgiesin On-DemancRouting

Protocolsfor WirelessAd Hoc Networks, Proceedingof Mobi-

Com200Q August2000,pp.231-242.

IEEE Standard®epartment;Draft StandardEEE 802.11Wire-

lessLANSs".

JohnsonD., Maltz, D., “Dynamic SourceRoutingin Ad Hoc

WirelessNetworks! Mobile Computing Chapter5, pp.153-181,

Kluwer AcademicPublishers1996.

Maltz, D., Broch, J., Jetche&a, J., JohnsonD. “The Effects of

On-Demandehavior in RoutingProtocolsfor Multi-Hop Wire-

lessAd Hoc Networks; IEEE JSAC, August1999, Volume 17,

Number8, pp. 1439-1453

Maltz, D., Broch, J., JohnsonD., “ExperiencesDesigningand

Building a Multi-Hop WirelessAd Hoc Network Testbed, CMU

Sdool of ComputerScienceTechnical ReportCMU-CS-99-116

March 1999.

Perkins, C., Bhagwat, P, “Highly Dynamic Desination-

Sequenced-Distancee®tor Routing (DSDV) for Mobile Com-

puters; Comp.CommunRev,, Oct.1994,pp.234-44.

Perkins, C., Royer, E., “Ad-Hoc On-DemandDistanceVector

Routing; Proc. 2nd IEEE Wksp.Mobile Comp.Sys.and Apps,

Feh 1999,pp. 90-100.

RamanathanR., Rosales-HainR., “Topology control of Multi-

hop WirelessNetworks usingtransmitpower adjustment, IEEE

INFOCOM200Q pp. 404-413.

Roduplu,V., Meng, T., “Minimum enegy mobile wirelessnet-

works; IEEEJSAC, v. 17,n. 8, Aug. 1999,pp. 1333-44.

[17] Royer, E., Toh, C., “A Review of CurrentRouting Protocolsfor
Ad Hoc Mobile WirelessNetworks! |IEEE Personal Communi-
cations April 1999,pp. 46-55.

[18] Singh,S.,Woo0, M., andRaghaendra,C.S.,“Power awvarerout-
ing in mobile ad hoc networks, Proc. of MOBICOM, 1998, pp.
181-190.

[19] Subbarao, M.W., “Dynamic Pawer-Conscious Routing for

MANETSs: An Initial Approach, Proc. IEEE VTC, Amsterdam,

TheNetherlandsSept.1999.

(2]

(3]
[4]

5]

(6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]



