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Minimum Energy RoutingSchemesfor a
WirelessAd HocNetwork
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Abstract—Many theoretical studiesshow that power con-
sumed by the routing of data-packets in a wir elessad 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
accuratepower information and do not exploit thesesavings
in a mobile envir onment. This paper enumeratespractical
modificationsto existingad 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.
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I . INTRODUCTION

Wirelessadhocnetworksusuallyconsistof mobilebat-
tery operatedcomputingdevices that communicateover
the wirelessmedium. Thesedevicesarebatteryoperated
andhencethey needto be energy conservingso that the
batterylife is maximized.While researchcontinuesto re-
ducethe energy consumptionfor the CPU,userinterface
and storagefor the devices, the energy for transmission
of a packet in the wirelesschannelremainsquite signifi-
cantandmayturnout to bethehighestenergy-consuming
componentof thedevice. Hencethereis aneedfor design-
ing minimumenergy routingprotocolsthatensurealonger
batterylife. For sucha protocoldesign,we needto look
away from the traditionalminimum hop routing schemes
and designnew routing schemesthat take the transmis-
sion energy into considerationfor choosingthe appropri-
ateroute. Efficient minimumenergy routingschemescan
greatly reduceenergy consumptionand lead to 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 tablewhich is maintainedvia periodicupdates
from all theothernodesin thenetwork irrespective of the
fact that the network may not be active in termsof data
traffic. Theon-demandapproach,on theotherhand,sends
out requestsfor routesto thedestinationonly if thesource
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nodehasdata-packets which are to be sentto the desti-
nation. In our previous work [2] we showed that the ta-
ble drivenschemesaremoreexpensive in termsof energy
consumptionascomparedto theon-demandschemesbe-
causeof thelargeroutingoverheadincurredin theformer.
Thereforewefocusonon-demandroutingprotocolsin this
study. There have beenmany prior studiescarried out
which aim at developinggeneralizedpower aware/energy
awarerouting schemes.Subbarao [19] conductsan ini-
tial investigationof energy efficient routing anddevelops
a minimum power routing schemeusingthe tabledriven
protocolapproach.Singhetal. [18] introducepoweraware
cost metrics for routesand designrouting schemesthat
minimize thesemetrics. They also suggestMAC layer
modificationswhich power down the nodeswhen inac-
tive to obtainenergy savings. The schemesuggestedby
Ramanathanet al. [15] bringsaboutpower savingsby us-
ing transmitpower adjustmentto control the topologyof
a multi-hopwirelessnetwork. Rodupluet al. [16] develop
a distributedpositionbasednetwork protocolthatuseslo-
cationinformationto computethe minimum power relay
routeto thedestinationwhich minimizestheenergy con-
sumedfor routing the packets. Changet al. [4] propose
algorithmsto selectroutesandcorrespondingpower lev-
elsin astaticwirelessadhocnetwork suchthatthesystem
lifetime (in termsof batterylife) is maximized.Brown et
al. [3] studythe fairnessof differentpower awarerouting
objectives. All thesestudies,however, do not focus on
practicalissuesaboutthe overheadsthe routing schemes
incur andtherelative costof theseoverheadsascompared
to theenergy savings promisedby theseschemes.In this
paperwe develop minimum energy routing schemesby
modifying theexisting protocollogic. Theseschemesare
thenanalyzedin termsof theoverall energy savings they
achieve ascomparedto theminimumpossible,takinginto
accountall overheads.In theprocess,we identify funda-
mentalprotocolchangesnecessarytobringaboutoptimum
minimumenergy routing.

I I . OVERVIEW OF THE EXISTING PROTOCOLS

We begin by outlining the existing versionof the Dy-
namicSourceRoutingprotocol(DSR) [10] andthe802.11
Medium AccessControl protocol [9] since thesewill
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serve asa baselinefor our comparison.Other protocols
thatcouldhave beenconsideredweretheDestinationSe-
quencedDistanceVector routing protocol (DSDV) [13]
andtheAd-hocOn-DemandDistanceVectorroutingpro-
tocol (AODV) [14]. However, the DSDV protocol is a
tabledrivenroutingprotocolandamongtheDSRandthe
AODV protocols,theDSRprotocolhasbeenimplemented
on a wirelessad hoc network consistingof laptopswith
IEEE 802.11WaveLAN cards [12]. This promptedus to
choosetheDSRprotocolasabaselinefor ourexperiments,
sincein our futurework wewish to implementtheinnova-
tionsdescribedin thispaperin a workingadhocnetwork.

A. TheDynamicSourceRoutingprotocolmechanism

TheDynamicSourceRoutingprotocolis anon-demand
routing protocol that is basedon the conceptof source
routing.Theprotocolmaintainsaroutecachein eachnode
which is updatedasnew routesarelearned.Whena node
hasa packet to sendto somedestination,it looks in the
cacheto determineif it alreadyhasa routeto thedestina-
tion. If therearemultiple routesto the destinationin the
cache,the routing logic selectsthe minimum hop route.
The nodethen insertsthis route in the routing headerof
the data-packet andsendsit to the MAC layer for trans-
missionover the medium. In casethe sourcenodehas
no routeto thedestinationin its cache,it initiatesa route
discovery process:it broadcastsa RouteRequestpacket
containingthe destinationnodeaddress,the sourcenode
addressanda uniqueRequestID. Eachnodethatreceives
therouterequestchecksits cachefor arouteto thedestina-
tion in casethe’reply from cache’optionis enabledin the
routingagentlogic. If thisoptionis disabledor if no route
is foundin thecache,thenodeaddsits own addressto the
addresschainin therouterequestpacket andrebroadcasts
the packet. However, in casethe nodehasalreadyheard
a routerequestwith thesamerequestID earlier, thenode
doesnot rebroadcastthe packet. This continuestill the
packet reachesthe destinationnodeor, if the ’reply from
cache’optionis enabled,till it reachesanodethatknowsa
routeto thedestination.Hereagain,in casetherearemul-
tiple routes,theminimumhoprouteis selected.Thisnode
makesup a RouteReplypacket andinsertsthefull source
routeto thedestinationin the routereply packet anduses
thereverseroutefrom itself to thesourcenodeto routethis
reply packet to thesourcenode.

Routemaintenanceis carriedout in casethelinks in the
routesbeing usedbreakdue to channelfluctuationsand
nodemobility causingthereceivedpower to fall below the
receiversensitivity threshold.RouteError packetsaregen-
eratedatanodein casethelink layerreportsabrokenlink
duringa data-packet transmission.This routeerrorpacket

is routedto thesourcenodeof thedata-packet throughthe
intermediatenodesin theroutesothatthey canupdatethe
cachesby removing the hop in error and truncatingall
other routesthat containthat hop till that point. Further
detailsabouttheDSRprotocolcanbefoundin [10].

B. The802.11MAC layer protocol

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

In thetwoframeexchange, thestationtransmitsaDATA
frameif themediumis determinedto beidle for aninterval
thatexceedstheDistributedInter FrameSpace(DIFS). If
themediumis busy, thestationwaitstill thechannelis idle
for aDIFSandthengeneratesarandombackoff periodfor
anadditionaldeferraltime beforetrying to transmitagain.
Thereceiver sendsimmediatepositive ACK framesto the
senderafterthesuccessfulreceptionof eachdataframe.

Thefour frameexchangeschemetransmitsspecialshort
RequestTo Send(RTS) andClearTo Send(CTS) frames
prior to the transmissionof the actualDATA frame. The
transmittersendsanRTSframeafterthechannelhasbeen
idle for a time interval exceedingDIFS. On receiving an
RTS frame the receiver respondswith a CTS frame. In
casetheCTSframeis not receivedwithin apredetermined
time interval, the senderretransmitsthe RTS. After the
successfulexchangeof theRTSandCTSframestheDATA
frame is sentby the senderand the ACK is transmitted
by thereceiver afterthesuccessfulreceptionof theDATA
frame.Usingthisfour frameexchangemechanismleadsto
a reducedprobabilityof collisions. However this reduced
probability of collisions is achieved at the expenseof an
increasedenergy overheadinvolved with theexchangeof
RTS andCTS frames,which canbe significantfor short
dataframes.

In bothschemes,all framesaretransmittedatfull power.
The network designercandecidewhich schemeis to be
usedfor the DATA frame transmissionby settinga pro-
grammablepacketsizethreshold.Packetssmallerthanthis
thresholdare transmittedusing the two frameexchange,
otherwisethefour frameexchangeis used.Furtherdetails
regardingthe802.11protocolcanbefoundin [9].

I I I . WHY WE THINK WE CAN DO BETTER

A numberof factorscanbeexploited to reducetheen-
ergy consumedby theseprotocols.In this section,we first
presentthe energy modelusedfor our analysisand then
explaineachof thefactors.
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Theenergy expendedin sendingadata-packet of size
�

bytesoveragivenlink canbemodeledas
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Feeney et al. [6] proposeasimilar modelin their studyto
describetheperpacketenergy consumption.In ourmodel,
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where
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and
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arethebackgroundpower anden-
ergy usedup in sendingthe data-packet,

� 2.485� is the
power at which theMAC packetsaretransmitted,
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is thesizeof theMAC packetsin bytes,
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of thetrailer andtheheaderof thedata-packet,
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thepower at which thedata-packet is transmittedand
+.-

is thetransmissionbit rate.In orderto simplify ouranaly-
sis,weassume

� ! �#�$�
and
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to bezeroin ourstudy.

A. Requiredenergy decreasesrapidlywith distance.

For a given thresholdpower
� @ , theminimumtransmit

power
� � requiredfor successfulreception,assumingno

fading,canbegivenas
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where
B

is the distancebetweenthe two nodes,F is the
pathlossexponentand

	
is a constant.Typically F takes

thevalueof 4. In caseof maximumpower minimumhop
routing usedin typical ad hoc routing protocolslike the
current version of DSR, this transmit power is fixed to
280mW(asperwirelessLAN 802.11specifications).Us-
ing (1), (2) and(3), theminimumtransmissionenergy re-
quired for successfulreceptionin termsof

� � and data-
packet size

�
canbegivenas
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andsubstitutingthe valueof
� � obtainedfrom (4) in (5),

we get
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in a two frame
exchange802.11MAC environment with ACKs sent at
full power and a 2Mbps bit rate are PRQTS )VU#WYX[Z , \Y] '^%
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Fig. 1. Energy savingspossibleusingtransmitpowercontrol

where
	 l

hasthevalueof
_ ] _(' \,Qed )VU#WYX[Z

.
The energy savings that can be obtainedby using the

minimum transmitpower insteadof the fixed maximum
power for thedata-packet transmissionis givenas
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(8)

The plot of thesesavings vs. the distancebetweenthe
two nodesfor a data-packet sizeof 512 bytesanda two
frame exchangeMAC layer schemecan be seenin Fig.
1. This gives us a fair ideaaboutthe achievable energy
savingsusingpower controlfor data-packet transmission.

B. Usingmulti-hoproutessavesenergy.

Considera casewheretheminimumhoproutingproto-
col employs transmitpower control. In this casethereare
3 nodesa,b, c in astraightline andtheminimumhoprout-
ing choosesto routedata-packetsdirectly from a to c. If
themulti-hoproutea-b-cis chosento transmitthepackets
instead,i.e. b is usedasa relay node,the total transmit
energy requiredwouldbe
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where
Bò�

is thedistancefrom Nodeato Nodeb and
B

is the
distancefrom Nodeato Nodec. Thesavings,
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obtainedby goingthemulti-hoproutecanbewritten as
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However the energy savings obtainedby going multi-
hopdependson thevalueof thefixedenergy overhead

	��
and the distancefrom Nodea to Node c. Fig. 2 shows
a plot of % energy savings vs

Bò�
for different valuesofB

fixing
	/�

as
` ] `43 ��j �
k andshows that for larger

B
the
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Fig. 2. Effect of fixedenergy overheadperhopon energy sav-
ingsobtainedusingmulti-hoproutes

savings is large andthe savings decreaseas
B

decreases.
Further, if Nodeb is too closeto Nodea or Nodec, the
multi-hoprouteconsumesmoreenergy thanthedirecthop
route.

C. Existing DSR/802.11implementationsare not energy
efficient.

Theexisting versionof theprotocolsdoesnot have any
mechanismto exchangethe packet transmitpower infor-
mationso that transmitpower control canbe used. The
existingDSR/802.11implementationdoesnotdiscoverthe
minimum power pathdue to the routediscovery mecha-
nismandtheroutinglogic selectstheminimumhoproute
from thecacheto routethepackets.Hencein light of Fig.
2, theenergy expendedin routingthepacketsby theexist-
ing DSR protocolcanbe muchhigherthantheminimum
energy required.

IV. M INIMUM ENERGY ROUTING AND WHY IS IT

HARD TO IMPLEMENT IN PRACTICE.

Minimum energy routingcanbedefinedasthe routing
of a data-packet on a route that consumesthe minimum
amountof energy to getthepacket to thedestination.Min-
imumenergy routingrequirestheknowledgeof thecostof
a link in termsof energy, the discovery of existing min-
imum energy routesandthe frequentmaintenanceof the
energy costinformationof theseroutes.Theissuesassoci-
atedwith the implementationof minimumenergy routing
arediscussedin detailin this section.

A. Minimumenergy routingintroducesanoverheadcost.

Minimum energy routestranslateto multi-hop routes
which addanoverheadperhopbecauseof theextra MAC
level signalingandprocessingon theadditionalhops.

B. Routinginformationis not free.

The nodeshave to sendout routerequestsandreceive
routerepliesfor obtainingroutes.This informationneeds
to be cachedso that it can be usedin the future. Since
cachedinformationcanbecomeinvalid over time, thereis
a tradeoff betweenhow often the cachedinformation is
updatedandtheoptimalityof theroutes.Frequentupdates
requirea higher routing overheadand thus thereexits a
tradeoff betweenthefreshness/optimalityof theroutesin
thecacheandtheroutingpacket overhead.

C. Information for makingpower level decisionsis not
distributedin currentprotocols.

ThecurrentDSRandMAC protocolsprovideonly con-
nectivity information in routing/controlpackets, not the
informationabouttheactualpower neededfor successful
transmissionof thepacket. Becauseof theabsenceof such
a mechanism,theexisting versionof theprotocolscannot
beusedto bring aboutminimumenergy routing.

D. Lowerpowerroutesmeanthat wehaveno margin for
channelfluctuationsor measurementerrors.

For routingto beminimumenergy insteadof minimum
hop, our routing will choosemoremulti-hop paths. Low
power multi-hop routesare more susceptibleto instabil-
ity becauseof channelfluctuations,measurementerrors
andnodemobility ascomparedto thedirectminimumhop
route. Channelfluctuationsandmeasurementerrorslead
to broken links whenpacketsaretransmittedat themini-
mumpower for transmittingdataover thelink.

E. Minimumenergy routesaredifficult to discover.

Considerascenariowheretennodesarein asingleline
andstatic. Thereis a singletraffic flow from the Node1
to Node10. The routediscovery mechanismof the DSR
protocolinitiatesaRouteRequestpacket from Node1 and
is repeatedlyforwardedby eachnodethatreceivesit till it
reachesNode10. The intermediatenodesdo not forward
the RouteRequestpacket if they have alreadyforwarded
it oncebeforee.g. if Node3 hasalreadyheardtheRoute
Requestfrom Node1 andforwardedit, it will not forward
thesamerequestwhich it hearswhenNode2 forwardsit.
Hencethe routeobtainedby Node1 in the RouteReply
will bea routewhich is oneof theminimumhoproutesto
Node10.

F. Minimumenergy routesare difficult to maintain.

In thecurrentversionof DSR,routemaintenanceis car-
ried out by therouteerrorpacketsonly whenthelinks are
broken. Thereis no route maintenancedoneto indicate
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thechangein thequality of a link. In thecurrentprotocol
versionno mechanismupdatesthe informationaboutthe
changingpower requirementsthatoccuron thatroutedue
to nodemobility.

Mobility alsocausesthe creationof new lower power
routesthatarebetterin termsof energy savings.A cached
low power routemaystill bevalid in thesensethat it will
successfullydeliver apacket,but this routemaybesubop-
timal in casea lower power routehascomeinto existence
dueto changesin thenetwork topology. For example,with
3 nodesa, b, andc andthe lowestenergy routefrom a to
c at one instanceof time is a-c. Now becauseof node
mobility, b moves to a positionbetweena andc making
the new optimal minimum energy routefrom a to c asa-
b-c. Therefore,to maintainminimumenergy routing,ad-
ditional routemaintenancewhich goesbeyond achieving
basicconnectivity is required.

Summarizing,theexisting routingandMAC layerpro-
tocolsdo not provide a readyframework for implement-
ing minimum energy routing. Minimum energy routing
requiresthediscovery of fresh,optimumlow power routes
whichcomewith amessageoverheadcost.Nodemobility
andchannelfluctuationsaddto theproblemof instability
of low power routesandtheseproblemshave to be over-
comein orderto successfullyimplementminimumenergy
routing.

V. MODIFICATIONS/OPTIONS ADDED TO THE

CURRENT VERSION OF DSR

We have considereda largerangeof modifications.We
describethe 8 optionswe explored for this paperin this
section. The next sectionclassifiesthe implementation
costsof theoptions.

A. Routingpacket basedpowercontrol

Thisoptionenablesthecontrolof thedata-packet trans-
missionpower insteadof having a fixedmaximumpower
transmission. This option modifies the route request
packet headerto include the power at which the packet
wastransmittedby thesourcenode.Let

�ôóöõ
bethistrans-

mit power in dBW. Thereceiving nodereceivesthispacket
at power

�+÷øõ
in dBW. Let

� ó < @1��ù < be the the minimum
power level requiredfor a successfulreceptionin dBW.
The minimum power requiredfor the transmissionof the
packet so that it is successfullyreceived by the receiver
(
� óøõOj 0 D ) canbethencalculatedin dBW by thereceiving

nodeas
� óøõ j 0 D �
� óöõ ��� ó < @1��ù < * � ÷øõ

(12)

The receiver node can read the value of
�ôóøõ

from the
headerof the received packet. To overcomethe problem

of unstablelinks dueto channelfluctuationsandnodemo-
bility, amargin ú is included.Hence(12) becomes:

�ûóøõ j 0 D �
�ôóöõ^� � ó < @1��ù < * �2÷üõ � ú (13)

What essentiallyis beingdonein (13) is determiningthe
value of

� � in (5) so that the value of
	��

in (1) can be
computed. This power value

�ôóøõ j 0 D is includedalong
with the nodeID in the routerequestpacket information
and the packet is re-broadcastedby the receiver nodein
caseit doesn’t find therouteto thedestinationnodein its
cache.Thedestinationnodereversestheroutein theroute
requestpacket andinsertsthis power informationfor each
hopin theroutingheaderof theroutereplypacket to route
the route reply packet to the sourcenodeusing transmit
power controlat eachhop.Thesourcenodegetstheexact
powervaluesof eachhopfrom theroutereply from which
it calculatesthe total power requiredto get to the desti-
nation. This per hop power information is storedin the
sourcenode’s cachewith the route. For routing thedata-
packet, thesourcenodesimply insertsthis per hoppower
information in the routing headerof the data-packet and
sendsit outatcontrolledpower. Eachnodeforwardingthe
packetsimplylooksupthenext hopin thesourcerouteand
theminimumpowerrequiredto getthereandtransmitsthe
packet at thecontrolledpower level. For our experiments,
we usea factorof 2 (=3.01dB) asthemargin ú because
we considerthefactorof 2 a reasonabletradeoff between
energy savingsandrouterobustness.

All thebroadcast(routerequestandMAC layersignal-
ing) packetsaresentat full powerandall theotherpackets
(routereplies,routeerrorsanddata-packets) aresentout
at thecontrolledpower. Thereis no power controlof the
broadcastpacketssothatthebroadcastnatureis preserved
in the sensethat the broadcastinformation is sent to as
many nodesaspossiblein onetransmission.

An importantassumptionmadehere is 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 informationandcanbe usedto calculatethe min-
imum transmitpower requiredwhich is included in the
routereplies.Note that in this optionwe only control the
powerof theexistingroutesin thecache(i.e. theminimum
hoproutes).

B. MinimumEnergy routing

Insteadof choosingthe minimum hop routesfor rout-
ing the data-packet, the minimum energy routeis chosen
from thecache.This optioncanonly beusedif thepower
control option is enabled.The routesstoredin the cache
containtheinformationaboutthepower requiredto getto
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thenext hop;thisinformationis usedto compute
	��

in (1).
A fixedenergy overheadcostperhop(

	��
in (1)) is added

to theenergy costto take into accounttheMAC overhead
incurredperhopandthe leastenergy costrouteis chosen
by theroutinglogic to routethepacket to thedestination.

C. Cacherepliesoff

Theroutesin thecacheneedto befreshif optimalmin-
imum energy routing is to be achieved. Maltz et al. [11]
discusstheeffectof on-demandbehavior in adhocrouting
protocolsandstatein their resultsthat in a typical simu-
lation scenario,themajority of theroutereply packetsare
basedon cacheddataandonly 59%of thoserepliescarry
valid routes. Hencefor minimum energy routing where
freshnessof routesis even more important,repliesfrom
thecachehave to bedisabledto make surethatonly fresh
routesarebeingusedfor theselectionof theminimumen-
ergy route.

D. Internal Cachetimeouts

Even though cache-basedroute replies are disabled,
eachnode maintainsan internal cacheof routes it has
learnt for routing packets that it originates. Among the
routesin this internal cachethereare going to be some
routesthatareno longervalid becauseof thenodemobil-
ity; theseroutesshouldnot beconsideredwhile choosing
theminimumenergy route.Hencethereshouldbea time-
out associatedwith eachroutein the internalcache.The
derivationof this timeoutvalueis givenin theAppendix.

E. Multi-hop routediscovery

Sofar, sincerouterequestsarebroadcastat full power,
the requeststhat get forwardedandreachthe destination
nodetendto be on theminimumhoproutes.This option
enablesthe nodeto cachethe routesit hearsin the route
requestsand snoopson route repliesnot directedto the
node. The nodethen checksif it lies on a lower power
paththanadvertisedin theroutereply usingits cacheand
the route reply information and sendsa gratuitousroute
replywith thelowerpowerpathto thesource.Thusin this
mannerthenodescanconverge to theoptimumminimum
energy route.

F. MAC layerACK powercontrol

Thecurrentversionof the802.11implementationsends
anACK reply to every DATA framesent.TheACK trans-
mittedis at full power accordingto thecurrent802.11im-
plementationspecificationseven thoughthe DATA trans-
mit power canbe controlled. This full power ACK over-
headcanbereducedby controllingthepower of theACK

usingtransmitpower informationobtainedfrom thedata-
packet header. This option enablesus to reducethefixed
energy overhead(

	��
in (1)) incurredin goingmulti-hop.

G. Route maintenanceusing power sensing of data-
packets

Thoughtheminimumenergy routesarediscovered,the
changesin theenergy costsof the link have to betracked
so that the energy expendedis as closeto the minimum
valueaspossible.This trackingcanbedonelocally on the
link level by eachnodein the route;however in casethe
energy costof a certainlink risesdueto the nodesmov-
ing apart,theroutemayno longerbetheminimumenergy
route. Therefore,thesechangesin the energy cost need
to be conveyed to the sourcenode,so that it canchoose
other lower energy routesasneeded.On the otherhand,
thesourcealsoneedsto know decreasesin energy costsso
thatit canproperlyassesstheinformationin thegratuitous
repliesthataregeneratedwhenOpt E andthenext option
areused.For thesereasons,we implementan endto end
trackingmechanismon therouting level insteadof a link
level implementation.

This optionenablesthenodesin a data-packet’s source
route to sensethe power changesin the sourceroute as
thedata-packet is forwardedto thedestination.Eachnode
sensesthepower at which it receivesthepacket andcom-
putesthe new minimum transmitpower

�ûóøõ j 0 D,D �þý and
the new minimum transmitenergy

�ÿóøõ j 0 D D �þý required
by the previous nodeto successfullytransmitthe packet
to it using (13) and (5) respectively. The currentnode
comparesthis energy valueto theoriginal value

� óøõ j 0 D
calculatedfrom

�ûóøõ j 0 D which is advertisedin thesource
routeandif

� � óøõ j 0 D,D �þý * � óøõ j 0 D �����
(14)

where
�

is a thresholdvalue in dB, the nodesetsa flag
in the routing headerabout the changedpower cost in
the routeandreplacesthevalueof

�ôóöõOj 0 D in thesource
routeby

� óöõOj 0 D,D � ý . Now oncethe destinationgetsthe
data-packet, it checksthe flag in the sourceroute of the
data-packet andmakesup a gratuitousroutereply packet
containingthe routewith thenew power informationand
sendsthis reply packet to thesource.Thesourcenodeup-
datesits cachewith this new power informationandthus
keepstrack of the power costchangesof the links of the
route. Thedifferencethreshold

�
is setto 2dB asit indi-

catesa significantamountof changein theenergy costof
the link andmay signal that a lower energy cost route is
available.
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H. MAC level DATA/ACK snoop/gratuitousreplies

In caseof nodemobility, lower energy routescanform
after the initial routediscovery of a low energy routeon
which thedata-packet flow is beingsent.Theroutemain-
tenancelogic shoulddiscover andtake advantageof these
routes.This optionmodifiestheMAC ACK headerto in-
cludethe transmitpower informationof the ACK frame.
A nodecansnoopon a data-packet not directedto itself
andthenontheACK for thedata-packet from thereceiver.
Thenodecomputestheenergy costfrom itself to thetrans-
mitter node(

� ��� óöõ ) from thedata-packet power informa-
tion and the energy cost from itself to the receiver node
(
� ��� ÷øõ ) from theACK power information. Let

� óøõ j 0 D
betheadvertisedenergy costto getfrom thetransmitterto
thereceiver node.Now if

� ��� ÷üõ ��� ��� óöõ	� �ÿóøõ j 0 D (15)

thenodeunderstandsthatit liesona lowerenergy pathbe-
tweenthetransmitterandthereceiver nodes.It thensends
outagratuitousroutereply to thesourceof thedata-packet
informing it aboutthelower energy route.Thisoptionen-
ablesthe nodesto keeptrack of the optimum minimum
energy routeover time.

Fig. 3 shows theprotocolversiontreeobtainedby en-
ablingtheoptions.

VI. COSTS OF THE MODIFICATIONS

Thecostsof themodificationscanbeclassifiedaccord-
ing to two dimensions:

 Implementationcosts: This reflects the cost of the
changesthathave to bemadein theroutingsoftwareor in
the mediaaccessfirmwareor requirespecificradio hard-
warecapabilities.Someexamplesare:
– Includingextra informationin theDSRpacket headers

will costachangein theDSRpacketstructureandincrease
thepacket size.
– Modifying the802.11MAC layerprotocolwill costa

changein thenetwork cardfirmwarelogic.
– Introducing power control over the transmission

mediumwill costchangesin thepowercircuitsin theradio
hardware.

 Networkscope: A modificationmayrequirenone,some,
or all of theothernetwork nodesto implementthechange
in order for the network to begin deriving somebenefit
e.g.Implementingpathlosssensingof all links in thenet-
work will requireall thenodes’softwareto bemodifiedfor
thischangeto work successfully, while evenonenodethat
choosesminimum energy routeswill lower the network
energy consumption.

�
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Fig. 3. ProtocolVersionTree

TableI shows theclassificationof thecostsfor eachof
the modifications. It is clear that Opt A hasto be imple-
mentedfirst on all the nodesin order enablethe imple-
mentationof all theotheroptions.Opt A requireschanges
to be donein the routing software, the 802.11firmware
(for reportingthevaluesof

� ÷øõ
and

� ó < @1� ù < ), andthera-
dio hardware(for dynamictransmitpower control) for it
to beimplementedsuccessfully. Opt B, C, D andE on the
otherhandneedchangesonly in the routingsoftwareand
evena singlenodeimplementationof theseoptionscould
derive benefitsfor thesystem.This benefitincreaseswith
thenumberof nodesthatimplementthesefeatures.Opt F
and H requirea changein the 802.11firmwareandtheir
implementationon a singlenodewill still derive benefits
for thesystem.Opt G requiresa routingsoftwarechange
andneedsimplementedonsomenodes,notablythesource
andthedestinationnodesin thenetwork to gainthebene-
fits.
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VII. TEST PROCEDURE

We usedthe network simulator(ns) version2.1b6 [5]
for our simulationsand the version of DSR usedas a
benchmarkwastheversionthatwasbundledwith thens-
2.1b6package.WeusedtheDSRversionwith thepromis-
cuoustapdisabled.Theenergy modelweusedwastheone
bundledwith thens-2.1b6packagewith thereceiving cost
of a packet setaszero in order to simplify our analysis.
The codemodificationsweredoneprimarily in the DSR
Agent codeand the cachinglogic. New functionswere
addedto the routing agentand the formatsof the route
requestsand replieswere modified to include the power
information.Wealsomodifiedthepacket headerstructure
to includethetransmitandreceivedpower informationin
theheader.

On theMAC level wemodifiedthe802.11implementa-
tion to includetheACK powercontrolandtheDATA/ACK
power sensingoptions. We employed the two frame
exchangeschemefor the MAC layer data transmission
by setting the dot11RTSThresholdparameterto a value
greaterthanthesimulateddata-packet size.Thescenarios
usedto testtheprotocolsaredescribedin thenext section
in detail.

For aclearanalysisof theenergy expendedby thenodes
duringthesimulation,wecategorizetheenergy consumed
into variouscomponentsto understandtheeffectof thedif-
ferentroutingmodifications/optionson thesecomponents.
Hencethe total energy consumedwasbroken up into the
following components:
è Energy expendedin DSRroutingpackets(

éëê8ì�í�îðïòñôó
)

è Energy expendedin MAC signallingpackets(
éöõø÷Õù

)
è Energy expendedin data-packets(

éöú ÷ î ÷
)

The data-packet energy was divided further into the fol-
lowing parts:

è Energy consumedby theMAC header(
é õ|÷Õù�û ú ê

)
è Energy consumedby theroutingheader(

é ê8ì�í�îðïòñüó û ú ê
)

è Energy consumedby thedatapayload(
éöú ÷ î ÷Õý�þ ñ

)
Herewe introducea conceptcalledtheGodenergy: let

us assumethat nodesaregiven the preciserouting infor-
mationso that they have a perfectpictureof the network
topology. Eachnodethencandeterminethepaththattakes
uptheleastenergy to getapacket to its destinationandthe
datais sentwithout any overheads.This energy is termed
asthe God energy of that packet. The routing efficiency
of the protocol in termsof energy canbe measuredwith
respectto theGodenergy,

é óÕì ú
.
éöú ÷ î ÷Õý_þ ñ ÿ é óÕì ú

canbe
consideredastheroutinginefficiency. Theseenergieswere
loggedinto thetracefile by modifyingthetracecodeto in-
cludethesefields. The tracefile wasthenanalyzedat the
endof the simulationto get the differentenergy compo-
nentvalues.

VII I . SCENARIO DETAILS

Weusedtwo typesof scenariosto testtheeffectof each
of themodificationson theperformanceof theprotocol.
è Staticscenario
A static scenarioof ten nodesin a straight line spaced
equallyapartwasusedby usto evaluatethedifferentver-
sionsof theprotocol.Therewasa singleCBR traffic flow
originatingfrom the lastnodeto thefirst nodein the line.
This scenariois very easyto analyzeandgave a goodpic-
tureabouttheeffectsof thevariousoptionson theenergy
expendedin theroutingof thedata-packetsin thesystem.
It is also a practicalscenarioof a slow moving car lane
wherethecarsform anadhocnetwork andtheoccupants
wantto getdatafrom thebackof thelaneto thefront. This
scenariois idealin thesensethatit isdesignedtomaximize
themulti-hopopportunitiesandit eliminatesvariability of
theresultsdueto mobility. It gave usagoodpictureabout
the performanceof the protocol versionsand gave us a
good idea aboutthe most we can hopeto achieve using
minimumenergy routing.
è Randomway-pointmovementscenarios
We usedfour randomway-point movementscenariosto
study the effect of mobility andscalingin termsof data
traffic on theminimumenergy routingprotocols.Theav-
eragenodespeedsconsideredwere0.001m/s,0.1m/sand
1 m/s. The scenariowith the averagenodespeed0.001
m/sis a typicalscenarioof anadhocnetwork in aroomof
seatedpeople.The scenariowith averagenodespeed0.1
m/s getssomemobility in the pictureandwe could con-
sider this as an ad hoc network with low mobility. The
scenariowith averagenodespeed1 m/sis a practicalsce-
nario of an ad hoc network wherea groupof peopleare
moving aroundon foot andarecommunicatingwith each
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TABLE II
SCENARIO PARAMETER DETAILS
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Fig. 4. StraightLine StaticScenario

other. This scenariocanbe usedto observe effects of a
highdegreeof nodemobility ontheroutingandgivesusan
estimateof themobility till which theminimumenergy ad
hocroutingprotocolscanbesuccessfullyused.Thetraffic
sourcesconsideredwereCBRsourceswith apacket rateof
0.1 packets/sec/node.In all of thesescenarios,eachnode
is a sourceanda sink for a traffic flow. Theflows startat��
��

andcontinuetill theendof thesimulation.Thesce-
nariowith thehigherpacket rateof 1 packet/second/node
wasemployedto testtheeffect of higherdatarateson the
protocols’performance.

TableII givesthedetailsregardingthescenarioparam-
etersused.

IX. EXPERIMENTAL RESULTS

The resultsfor eachscenariocan be observed for the
variousprotocolsin Fig. 4 – 8.

From the plots obtainedwe canobserve that at bestin
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Fig. 6. RandomWay-pointscenariospeed0.1m/sec

a staticscenariocasewe canapproachwithin a factorof
2–3 of the god energy using the minimum energy rout-
ing schemes.This is achievedat theexpenseof a slightly
higheroverheadin the energy expendedin routing infor-
mation packets becauseof beingmore pro-active in dis-
coveringtheoptimumminimumenergy routeonwhichthe
data-packetsarefinally routed.For thestaticscenariocase,
theminimumhopversionof theDSRprotocolis highly in-
efficient in termsof energy savingsasit consumesaround
50 timesthegodenergy requiredto get thepacketsto the
destination.Thusfor thestaticscenario,minimumenergy
routingresultsin energy savingsaround95%ascompared
to theminimumhoprouting.

For the random way-point scenariowith a speedof
0.001units/sec,therearea total of 10 flows throughthe
network ascomparedto asingleflow in thestaticscenario
case. Here it canbe observed that informationobtained
by all nodesin routingthepacketsof a singleflow is used
to routethepacketsin otherflows too. The randomway-
point scenariohasfewer non-minimumhop routessince
the nodesare more spreadapartin the topology than in
the static scenariocase. Hencethe normalizedenergies
with respectto theGodenergy aremuchlower in theran-
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Fig. 8. RandomWay-pointscenariospeed0.1 m/s andtraffic
rateof 1 packet/node/sec

dom way-pointcasethan in the staticscenariocase. As
the nodemobility rises,the routing inefficiency risesfor
all theminimumenergy routingprotocolversionsandthe
minimumenergy routingprotocolperformancetendsto be
similar to theminimumhoproutingprotocolperformance.
Onereasonfor this is thatathighmobility, theonly routes
that arestablearetheminimumhop routesandthemini-
mumenergy routingchoosestheseminimumhoproutesto
get thepacketsto thedestination.It canalsobeobserved
that implementingOpt A givesusthemostsignificanten-
ergy savings amongall the otheroptions. Opt E, B, F, G
andH giveusbetterbenefitsin termsof energy savingsas
comparedto OptC andD. Theremaybecertainscenarios
wheretheminimumenergy routingprotocolconvergesto
the optimumminimum energy routewith the help of the
gratuitousrepliessentout by the nodes;theserepliesin-
creasethetraffic over themediumandeventhoughweare
transmittingpacketsataratelow enoughto avoid usingthe
four frameRTS/CTS/DATA/ACK exchange,thismaylead
to increasedcollisionsresultingin moreMAC signalling
overhead. However had we employed the 4 frame sig-
nalling scheme,this would increasethefixedenergy over-

headper hop for the routing, leaving lessroom for min-
imum energy routing gains. This suggestsa needfor an
energy conservingversionof the4 frameexchangeMAC
layer signalling schemewhich could be a potentialarea
to investigateto bring aboutmoreenergy savingsfor high
datarates.

X. CONCLUSION

Whatourstudiesshow is thatmostexistingadhocrout-
ing protocolminimizethenumberof routingcontrolpack-
etsat the expenseof the informationthat is available for
energy-baseddecisions. The result is that only a small
fractionof energy is spenton routingoverhead,but theto-
tal energy is a largefactor(e.g.5–50)timesmorethanthe
theoreticalminimum. We have developedprotocolmodi-
ficationsthatdirectly tradeoff moreroutingoverheadfor
lower total energy and can bring down the energy con-
sumedof the simulatednetwork within rangeof the the-
oreticalminimum in caseof staticandlow mobility net-
works. However as the mobility increaseswe find that
the minimum energy routing protocol’s performancede-
gradesalthoughit still yields impressive reductionsin en-
ergy rangingfrom factorsof 2–20ascomparedto themin-
imum hoproutingprotocol’s performance.

Weforeseeascalingproblemfor largenumberof nodes
in termsof routingoverheaddueto theexistingimplemen-
tationof theDSRcache.Wearecurrentlyworking to save
theenergy costinformationof eachindividual link in auni-
fied graphdatastructureof thenode’s currentview of the
network topologyin a so-calledlink cache [8]. This will
help thenodesto have a clearpictureof the network and
convergenceto the minimum energy routewill be faster,
cutting down on the gratuitousreply floodsand thus the
routingoverhead.

Our studiesalso demonstratea needfor developing a
modifiedversionof thecurrentMAC layerfour framesig-
nallingschemeto makeminimumenergy routingschemes
practicallyefficient in termsof energy savings. Note that
this is not assimpleasreducingthetransmitpower of the
RTS andCTS packetsasthe currentRTS andCTS logic
is baseduponthe fact that all RTS andCTS packets are
requiredto be transmittedat a certainfixed power. Our
futureresearchplansincludeinvestigationin thisareaand
developingmoregenericschemesfor minimumenergy ad
hocrouting.

We concludefrom our studiesthat minimum energy
routing protocolscan be designedand implementedby
making a few minor changesin the minimum hop ver-
sion of the existing ad hoc routing protocolsandcanbe
deployed easily in conjunctionwith the existing protocol
versionandleadto considerableenergy savings.
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APPENDIX

This sectionderives an internal cachetimeout mecha-
nism.

Let m be the probability that the route is valid. Hencenporq mts is theprobability thatwe have an invalid routein
thecache.Let u betheinefficiency in termsof costof this
routeand v betheoptimalcost.Now if wesendoutaroute
discovery flood whosecostis say w , sincethereply from
cacheis turnedoff, the routewe shall be obtainingafter
the routediscovery is going to be the optimal routewith
theoptimalcost.If we insteaddonotdoaroutediscovery,
but sendout thepacket on theroutewe have, with proba-
bility m weshallreachthedestinationandwith probabilitynpoxq mys weshallencounterabadrouteandthepacket will
be droppedandwe have to do a routediscovery flood to
get the routeto thedestinationwhich costsw . Hencethe
criteriafor sendingouta routediscovery flood is:

w{z|v~}�m n v�z|u�s�z npoxq mts n v�z|w{z���s (16)

where � is thecostof routingthepacket till thepoint it
is droppeddueto thebadroute

Solvingfor m we get

m n w�z�� q u�s�}{� (17)

andassumingu and � aresmallascomparedto w , (17)
reducesto m�}{����w (18)

If (18) is true,thentheoptimalstrategy is to sendout a
routediscovery flood.

To estimatem , we assumethat the lifetime of a link (a
singlehop) is exponentialwith mean � . Let u�� denote
thedifferencein thetime theroutewasaddedto thecache
and the currenttime when we are looking up the route.
Let � bethenumberof hopsin theroute.Hencem canbe
writtenas

m 
��y�������� (19)

Henceif this valueof m�������w , we usetheroutein the
cacheotherwisewe flood out a routediscovery. Thevalue
of � canbeestimatedby thenodesby keepingtrackof the
averagelink lifetime of the routesin thecacheor by esti-
matingtheaveragenodemovementspeedof thenetwork.
The valueof w is the costof flooding the entirenetwork
andcanbe consideredasbeing � n�� s . The valueof � is
thecostof routingapacket throughtheaveragenumberof
hopsin thenetwork. Theorderof theaveragenumberof
hopsin thenetwork canbeestimatedto be � n � � s , hence
thevalueof � becomes� n � � s . Thuswecanestimatethe
valueof ����w as

o � � � andhencethe valueof m is com-
paredto

o � � � in ourexperiments.Thoughthisestimation

is not entirely accurate,it providesa reasonablebasisfor
assessingroutestability.
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