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Abstract— A minimum eneigy routing protocol reducesthe enemy con-
sumption of the nodesin a wirelessad hoc network by routing packetson
routesthat consumethe minimum amount of enemgy to get the packets to
their destination. This paper identifies the necessaryfeatures of an on-
demand minimum enemgy routing protocol and suggestsmechanismsfor
their implementation. We highlight the importance of efficient caching
techniquesto store the minimum enemy route information and proposethe
useof an 'energy aware’ link cachefor storing this information. We also
compare the performance of an on-demand minimum enemy routing pro-
tocol in terms of enemy savings with an existing on-demand ad hocrouting
protocolvia simulation.

I. INTRODUCTION

Quiteafew studieshave beencarriedoutwhichaimatreduc-
ing the enegy consumptiorof a wirelessad hoc network. Past
researchthasfocusedon enegy savingsschemestthehardware
andtheoperatingsystenlevel. However, significantenegy sav-
ingscanbeobtainedat theroutinglevel by designingminimum
enegy routing protocolsthattake into consideratiorthe enegy
costsof aroutewhenchoosingthe appropriateoute.

Ad hoc routing protocolscan be classifiedas table-driven
routing protocolsandon-demandouting protocols.In our pre-
viouswork [2] weshavedthattheon-demandoutingprotocols
aremoreenengy efficientthanthetable-drivenprotocolsbecause
of thelargeroutingoverheadncurredin thelatter Henceanon-
demandapproachs agoodbasisfor designingminimumenegy
routing protocols.

Prior studieshave beendone that aim at designingmini-
mum enegy routing protocols. Subbarao[19] suggests& min-
imum power routing schemethat hasbeendesignedusing the
table-drivenapproach.Singhetal. [18] introducepower aware
cost metricsfor routesand designrouting schemeshat mini-
mizethesemetrics.They alsosuggesMAC layermodifications
which power down the nodeswheninactive to obtain enegy
saszings. Theschemesuggestetty Ramanathaetal. [15] brings
aboutpower saringshby usingtransmitpoweradjustmento con-
trol the topology of a multi-hop wirelessnetwork. Rodopluet
al. [16] develop a distributed position basednetwork protocol
thatuseslocationinformationto computethe minimum power
relay routeto the destinatiorwhich minimizesthe enegy con-
sumedfor routing the paclets. Changet al. [4] proposealgo-
rithmsto selectroutesandcorrespondingowerlevelsin astatic
wirelessad hoc network suchthatthe systemlifetime (in terms
of batterylife) is maximized.Brown etal. [3] studythefairness
of differentpower aware routing objectives. In this paperwe
enumeratehe featuresthat are requiredby a protocolto qual-
ify asaminimumenegy routing protocol. Thesefeaturessene
asa guidelinefor a minimum enepgy routing protocol design.
We suggestmechanismshatcanbe usedto derive a’'minimum
enegy routing’ versionof existingadhocroutingprotocols.Fi-
nally, we testaminimumenegy routingversionof the Dynamic

SourceRouting protocol (DSR) on the network simulator(ns)
framavork and compareits performancewith the existing ver
sionof DSR.

Il. ENERGY MODEL USED FOR THIS STUDY

In this sectionwe presenthe enegy modelusedfor ouranal-
ysis. This modelhelpsusjustify therequiredfeaturesof amin-
imum enegy routing protocol.

Theenegy expendedn sendingadata-packtof sizeD bytes
overagivenlink canbemodeledas

E(D) = K\D + K, 1)

Feeng etal. [6] proposea similar modelin their studyto de-
scribetheper packet enegy consumptionln our model,

Ky = (PP*°*** + pbeck) x 8/BR @)
Ky = ((PtMACDMAC + PtpaCkEcheader) x 8/BR) + Eback
3)

where Pbeck and Ebeck arethe backgroundpower andenegy

usedupin sendinghedata-packt, P4 is thepoweratwhich

theMAC pacletsaretransmitted DM A€ s thesizeof theMAC

pacletsin bytes,D"¢eder js thesizeof thetrailerandtheheader
of thedata-packt, PP*°*** is thepoweratwhichthedata-packt
is transmittedand BR is the transmissiorbit rate. In orderto

simplify our analysiswe assumeP??¢* and Eb*<* to bezeroin

our study

I1l. REQUIRED FEATURES OF A MINIMUM ENERGY
ROUTING PROTOCOL

This sectionenumeratethe requiredfeaturesof a minimum
enegy routing protocol.

A. Minimum energy routing protocols should cal cul ate the cost
of alink in terms of energy and employ transmit power con-
trol of data-packets over the link.

Minimum enegy routingprotocolsshouldtake into consider
ationthe enepgy costof a routewhile choosingthe appropriate
route. Theenegy costof alink in arouteis the sumof themini-
mumenegy requiredfor transmissiorof adata-packtoverthat
link andthe additionalsignallingandpaclet processingost.

For agiventhresholdpower P,., theminimumtransmitpower
P, requiredfor successfuteceptionassumingiofading,canbe
givenas

Py(d) = P,d"/K 4)

whered is the distancebetweenthe two nodes,n is the path
lossexponentand K is a constant. Typically n takesthe value
of 4. In caseof maximumpower minimum hoprouting usedin
typicaladhocroutingprotocolslik e thecurrentversionof DSR,



this transmitpower is fixed to 280mW (as per wirelessLAN
802.11specifications).

To gainmaximumenegy savings,the minimumenegy rout-
ing protocolshouldtransmitthe data-packtat power P; instead
of thefixedtransmitpower. This canbe achiezedby emplgying
dynamictransmitpower controlon thelink.

Using(2) and(3), K; andK> in (1) are

K, = K| P,
K, = K{P,D"*"*" + K} (5)
Typical valuesfor K| and K} in atwo frameexchange802.11
MAC ernvironmentwith ACKs sentat full power anda 2Mbps
bit rateare4us/byte and42u.J respectiely.

The minimum enegy routing protocol should computethe
link enegy costusing(1) andshouldchoosetheroutesuchthat
theenegy costof theroute E,.,;. givenby

Y. E(®D)

links in route

(6)

Eroute =

is theminimumover all availableroutes.

B. Minimum energy routing protocols should discover the min-
imum energy routes.

Consideracasewherethereare4 nodesa, b, ¢, d in astraight
line. The minimum enegy route from Node a to Noded as-
sumingthatthe valueof K in (1) is negligible is the multi-hop
routea-b-c-d. [16] shaws thatthe minimum enepgy routesin
a network translateto multi-hop routesand the minimum en-
ergy routingprotocolshouldbe ableto discovertheseminimum
enegy routes.The routediscosery mechanism®f existing on-
demandprotocolsaresimilar in the way the routediscovery is
initiated. For finding a routefrom Nodeato Noded, the mech-
anismsinitiate a RouteRequespacket broadcasfrom Nodea.
Assumingthatthis pacletis heardby Nodesb andc, bothnodes
rebroadcasthe paclet. The paclets broadcastedy Nodesb
and c are heardby all nodes. However since Node ¢ hasal-
readybroadcastethesamerequestarlier, it ignorestherequest
paclet from Nodeb andNoded repliesbackto the requestst
hearsfrom Nodesb andc . Hencethe on-demandoutesdis-
coveredby Nodea area-b-danda-c-d: The minimum enegy
routea-b-c-dis not discovered. Hencethe existing versionsof
on-demanadhocroutingprotocolscannotgualify asminimum
enegy routing protocols.

C. Minimum energy routing protocols should track the energy
cost in the minimum energy routes.

In the currentversionof on-demanddhocroutingprotocols,
routemaintenancés carriedout by therouteerror packetsonly
whenthelinks arebroken. No routemaintenancés doneto in-
dicatethechangen thequality of alink. No mechanisnupdates
theinformationaboutthe changingoower requirementshatoc-
curonthatroutedueto nodemobility. Evenafterthe minimum
enegy routesarediscovered the changesn theenegy costsof
the links have to be tracked so that the enegy expendedis as
closeto the minimumvalueaspossible.In casethe enegy cost
of a certainlink risesdueto the nodesmoving apart,the route
may no longerbe the minimum enegy route. Therefore these
changedn the enegy costneedto be corveyedto the source

node,sothatit canchooseotherlower enegy routesasneeded.
Hencea minimum enegy routing protocolmusthave a mecha-
nismfor trackingtheenegy costchangesn theroutes.Mobility
alsocauseghe creationof new lower enegy routes.For exam-
ple,with 3 nodesa, b, andc andtheminimumenegy routefrom
Nodeato Nodec atoneinstanceof timeis a-c. Now becausef
nodemobility, Nodeb movesto a positionbetweerNodeaand
Node ¢ making the new optimal minimum enegy route from
Nodeato Nodec asa-b-c. Thereforeto maintainminimumen-
ergy routing, additionalroute maintenancevhich goesbeyond
achieving basicconnectvity is required.

D. Minimum energy routing protocols should scale with the
number of nodes in the network.

The overheadncurredby the minimum enegy protocolsin
the processof minimum enegy route discovery and mainte-
nanceshouldscalewell with the numberof nodesin the net-
work. Minimum enegy routesessentiallytranslateo multi-hop
routesandasthe numberof nodesin the network increasethe
numberof hopsin the minimum enegy route increaseand so
doesthe overheadn discoveringand maintainingtheseroutes.
Thisoverheadshouldbe O(V) to ensurescalingof the protocol.

IV. MECHANISMS TO IMPLEMENT THESE FEATURES

Existing versionsof on-demandad hoc routing protocolsdo
not possesamost of the requiredfeaturesof a minimum en-
ergy routing protocol as demonstratedn the previous section.
This sectionsuggestsnechanismgor the easyimplementation
of thesefeaturesn theroutinglogic.

A. Implementing link energy cost computation and transmit
power control

This mechanisntanbeimplementedy modifying the route
requesipaclket headetto includethe power at which the paclet
wastransmittedby the sourcenode. Let Prx bethis transmit
powerin dBW. Thereceving noderecevesthis pacletat power
Prx in dBW. Let Prp,,sn, bethethe minimum power level re-
quiredfor a successfuteceptionin dBW. The minimum power
requiredfor thetransmissiorof the paclet sothatit is success-
fully recevedby therecever (Prxm,in) canbethencalculated
in dBW by thereceving nodeas

Prxmin = Prx + Priresh — Prx + M (7)

whereM is amaigin to overcomethe problemof unstabldinks
due to channnelfluctuationsand node mobility. The recever
nodecanreadthevalueof Prx from theheadeof thereceved
paclet. Whatessentiallyis beingdonein (7) is determiningthe
valueof P, in (5) sothatthevalueof K; and K, in (1) canbe
computed.This powervalue Prx i, is includedalongwith the
nodelD in the routerequesipacketinformationandthe paclet
is re-broadcastethy the recever node. The destinationnode
reversesthe route in the route requestpaclket and insertsthis
powerinformationfor eachhopin theroutingheadenof theroute
reply paclet to route the routereply paclet to the sourcenode
usingtransmitpower controlateachhop. Eachnodein thereply
pathstoresthe value of this minimum transmitpower required
to getto the next hop Prxn,in- The sourcenodegetsthe exact
power valuesfor eachhop from the routereply from which it



cancalculatethe total enegy costof the routeby using(5) and
assuminga suitablevaluefor K,. For routing the data-packt,
in caseof protocolslike AODV [14], nodesof the network can
simply look up the valueof the minimum transmitpower from
theirroutingtableandtransmitthe data-packtatthecontrolled
power. For sourceroutingon-demangrotocolslike DSR [10],
this minimumtransmitpower valuefor eachhopis includedin
the routing headerof the data-packt by the sourcenode and
eachnodeforwardingthe paclet simply looks up the next hop
in thesourcerouteandtheminimumpowerrequiredto getthere
andtransmitsthe paclet atthe controlledpower level.

B. Implementing route discovery of minimum energy routes

This mechanismenablesthe nodeto storethe route power
informationit hearsin therouterequespaclets. Thenodethen
snoopson route repliesnot directedto the nodeand checksif
it lies on alower enegy paththanadertisedin the routereply
using the storedroute power information and the route reply
power information. In caseit lies on a lower enepgy path, the
nodesendsagratuitousroutereply with thelowerenegy pathto
thesource.In this mannerthe nodescandiscover the minimum
enegy route.

C. Implementing minimum energy route maintenance and link
energy cost tracking

This mechanisnenableghe nodesin a data-packt’s source
routeto sensehepowerchangesn thesourcerouteasthedata-
paclet is forwardedto the destination. Eachnode senseghe
poweratwhichit recevesthedata-packtandcomputeshenen
minimum transmitpower Prxminnew andthe new minimum
transmiteneny Erxminnew requiredby the previous nodeto
successfullytransmitthe paclet to it using (7) and(5) respec-
tively. The currentnodecompareshis enegy valueto the orig-
inal value Erx 4, calculatedfrom Prx.,.i, (Whichis adwer
tisedin the sourceroute in caseof DSR andis presentin the
routingtablein caseof AODV) andif

(8)

whereT is athresholdvaluein dB, the nodesetsa flag in the
routingheadeiof the data-packtaboutthe changedtnegy cost
of thelink andwritesthis new powervaluein theroutingheader
Now oncethedestinatiorgetsthe data-packt,it checksheflag
in the routing headerof the data-packt and sendsa gratuitous
routereply paclet containingthe routewith the new power in-
formationto the source.Theintermediatenodesandthe source
node updatetheir cache/routingable with this new power in-
formationandthuskeeptrackof the enegy costchange®f the
links of theroute.

In caseof nodemobility, lower enegy routescan form af-
ter the initial route discovery of a low enegy route on which
the data-packtflow is beingsent. The routemaintenancéogic
shoulddiscover andtake advantageof theseroutes.This mech-
anismmodifiesthe MAC ACK headerto include the transmit
power informationof the ACK frame. A nodecansnoopon a
data-packt not directedto itself andthenon the ACK for the
data-packt from the recever. The nodecomputeshe enegy
costfrom itself to the transmittemode (E;,1x) from the data-
paclet powerinformationandthe enegy costfrom itself to the

|ETXminnew - ETXmin| >T

recever node(E;,grx) from the ACK power information. Let

Erxmin betheadwertisedenegy costto getfrom thetransmit-

terto therecevernode.Now if ©
9

EtoRX + EtoTX < ETsz'n
thenodeunderstand#hatit lies onalower enegy pathbetween
the transmitterandthe recever nodes. It thensendsout a gra-
tuitousroutereply to the sourceof the data-packt informing it
aboutthelowerenepgyroute. Thismechanisnenableshenodes
to keeptrack of the optimumminimumenegy routeovertime.

D. Ensuring scaling of the minimum energy routing protocol

To ensurescaling the protocolmustcornvergeto theminimum
enegy routekeepingthe overheadas O(N). This canonly be
doneif theroutingandpower informationobtainedn theroute
repliesis storedandprocessedn anintelligent mannerso that
everyroutereply leadsto a clearertopologyview of the network
ateachnode.This callsfor storingtheroutingandthe powerin-
formationin a unified graphdatastructureof the nodes current
view of the network topology [8] usesa similar structure the
so-calledlink cache for storing the information obtainedfrom
theroutereplies.We suggesthe useof a similar datastructure,
the energy aware link cache, wherethe costof eachlink is set
astheenegy cost. Theenegy awarelink cachesavestheinfor-
mationaboutthe enegy costof eachlink (K; and K, from (1))
from the routereply in anarrayandthe well-known Dijkstra’s
shortespathalgorithmis usedto find the currentminimumen-
ergy costpaththroughthe graphto the destinatiomode. Thus
eachroute reply contributesin building up a perfecttopology
view of the network andit takesO(1) repliesfrom eachnode
to obtainthe perfectenegy costgraph. The minimum enegy
routingprotocolcanthusconvergeto theminimumenegy route
with theroutingoverheadboundedasO(N).

V. A’MINIMUM ENERGY ROUTING' VERSION OF DSR

We implementedthe mechanismsliscussedn the previous
sectionin the DSR protocollogic in the network simulator(ns)
to obtainaminimumenergy routing versionof theDSRprotocol.
We usedthe network simulator(ns) version2.1b6 [5] for our
simulations We usedthe DSRversionwith thepromiscuousap
disabled.The enegy modelwe usedwasthe onebundledwith
the ns-2.1b6packagewith thereceving costof a paclet setas
zeroin orderto simplify our analysis. We employed the two
frame exchangeschemefor the MAC layer datatransmission
by settingthe dot11RT SThresholcparameteto a valuegreater
thanthe simulateddata-packt size. We introduceda few other
changesn the DSR codeotherthanthe mechanismsliscussed
above to obtainthe minimum enegy routing protocolversion.
They were:

« Cacherepliesoff: Maltz etal. [11] discussthe effect of on-
demandbehaior in ad hoc routing protocolsand statein their
resultsthatin a typical simulationscenariothe majority of the
routereply pacletsare basedon cacheddataand only 59% of
thosereplies carry valid routes. Hencefor minimum enegy
routing wherefreshnesof routesis even more important,we
disabledrouterepliesfrom the cache.

« MAC layer ACK power control: In orderto reducethe sig-
naling costperhop,we employedtransmitpower control of the
MAC ACK pacletsonthelink.
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Fig. 1. Differenttypesof caches.P;; is the minimumtransmitpower required
to getfrom Nodei to Nodej

For aclearanalysisof theenegy expendeddy thenodesdur-
ing the simulation, we categyorized the enegy consumednto
various componentgo understandhe effect of the different
routing modifications/option®n thesecomponentsHencethe
total enegy consumedvasbrokenup asthefollows:

« Enegy expendedn DSRroutingpaclets(E;oyting)

« Enegy expendedn MAC signallingpaclets(E,,qc)

The data-packt enegy wasdivided further into the following
parts:

« Enegy consumedy theMAC headel(E,,,qchar)

« Enegy consumedy theroutingheadel E,outinghdr)

« Enegy consumedy thedatapayload(Eg.¢q1en)

Herewe introducea conceptcalledthe Godenepy: let usas-
sumethatnodesaregiventhepreciseroutinginformationsothat
they have a perfectpicture of the network topology Eachnode
thencandeterminethe paththattakesup the leastenegy to get
apacletto its destinatiorandthe datais sentwithout arny over-
heads.This enepgy is termedasthe God enepy of that paclet.
Therouting efficiency of the protocolin termsof enegy canbe
measuredavith respectotheGodeneny, Eqoq. Eqataten —Egod
can be consideredas the routing inefficiency. Theseenepies
were loggedinto the tracefile by modifying the trace codeto
includethesefields.

DSR offerstwo designchoicesfor the type of datastructure
usedto representhe cache.In DSR,theroutereturnedn each
routereply thatis received by the initiator of a routediscovery
represent@ completepathwhich is a sequencef links lead-
ing from that nodeto the destinationnode. By cachingeach
of thesepathsseparatelya pathcachecanbe formed. Alterna-
tively, alink cachewith anenepgy costgraphcouldbecreatedas
discussedh 1V-D. Boththesecachingtechniquesreillustrated
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in Fig. 1. We experimentedvith bothtypesof cachego obsene
which of thesesatisfythe criteriain I1I-D.

VI. TEST PROCEDURE

We comparedhe performancen termsof enegy savings of
four versionsof the DSR protocolviz.

« DSRwith pathcache Thisis theexistingversionof DSRthat
is bundledwith the ns-2.1b6simulator package. The caching
mechanisrmusedin this protocolis the pathcache.

« DSRwith link cache: This versionof DSR is obtainedby
usingalink cachedatastructuredefinedin [8] to storetheroute.
« Minimum enegy routing DSR with pathcache: This is the
minimum energy routing version of the DSR using the path
cacheto store and processthe routing and enegy cost infor-
mation.

« Minimum enegy routing DSR with the enegy aware link
cache:This is the minimum energy routing versionof the DSR
usingtheenegy awarelink cacheto storeandprocesgherout-
ing andenegy costinformation.

We usedrandomway-pointmovementscenariogo studythe
effect of mobility andscalingin termsof datatraffic onthemin-
imum enegy routing protocols. The averagenodespeedson-
sideredwere0.001,0.1 and1 m/s. The numberof nodescon-
sideredwere 10, 15,20 and25 with topologysizesas600x300,
1000x300,1200x300and1500x300m? respectiely. Thetraffic
sourcesconsideredvere CBR sourceswith a pacletrateof 0.1
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paclets/sec/nodandsizeof 512bytes.In all of thesescenarios,
eachnodeis a sourceanda sink for a traffic flow. The flows
startedatt = 0 andcontinuedill theendof thesimulation.

Theresultsfor eachscenariccanbe obsenedfor thevarious
protocolsin Fig. 2 —5.

The resultsfor differentmobility ratesindicatethatthe min-
imum enegy routing protocol performsbestin staticandslow
mobility scenariosvhereits enegy consumptioris within afac-
tor of 3 of thegodenegy. As themobility of the scenariaises,
theminimum enegy routing protocol’s enegy consuptiorrises
abovethefactorof 3, butit still performsbetterthantheexisting
protocolversionin termsof enegy savings.

Theresultsfor differentnumberof nodesn thenetwork gives
a indication regarding scalingissuesof the protocol versions.
From the resultsit is clear that the Minimum enegy routing
DSR with pathcachewill not scaleasthe routing overheads
a non-linearfunction of the numberof nodesN. The routing
overheadf the Minimum enegy routing DSR with the enegy
awarelink cacheis a linearfunction of the numberof nodesas
seenin theresultsandthusthis indicatesthat this protocolwill
scalewith thenumberof nodesin the network.

It canalsobe obsenedthatthe reductionin the enegy con-
sumptionby usingthe minimumenenpy routing protocolis pri-
marily due to the reductionin the routing inefficiency of the
protocolandthe useof transmitpower controlwhichis brought
aboutby implementingherequirementsftheminimumenegy
routing protocols.

VIlI. CONCLUSIONS

Our experimentalresultsjustify the necessityof therequired
featuresof a minimum enepgy routing protocol. Thesefeatures
arevery genericin natureandcanbe usedasa guidelinefor de-
signingnew minimumenegy routingprotocols.We have shovn
thatthesdeaturecanbeeasilyimplementednanexistingver
sion of the protocolto derive a’minimum enegy routing’ ver
sionof the protocol. The minimum enegy routing protocolen-
ergy consumptionis arounda factor of 4 times more thanthe
god enegy as comparedo a factorof 10-30timesin caseof
theexisting protocol.lt is alsoclearfrom theresultsthata min-
imum enegy routing protocol shouldemploy a unified graph
datastructureto storethe routingandpower informationsothat
it cancornvergeto the minimum enegy routefastermakingthe
routing overheadas O(N). Futurework plansincludeimple-
mentingthesefeatureson an ad hocrouting test-bedconsisting
of laptopsandwirelessEthernetcards.
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