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

I . INTRODUCTION

Quitea few studieshavebeencarriedoutwhichaimat reduc-
ing theenergy consumptionof a wirelessadhocnetwork. Past
researchhasfocusedonenergysavingsschemesat thehardware
andtheoperatingsystemlevel. However, significantenergysav-
ingscanbeobtainedat theroutinglevel by designingminimum
energy routingprotocolsthat take into considerationtheenergy
costsof a routewhenchoosingtheappropriateroute.

Ad hoc routing protocolscan be classifiedas table-driven
routingprotocolsandon-demandroutingprotocols.In our pre-
viouswork [2] weshowedthattheon-demandroutingprotocols
aremoreenergyefficientthanthetable-drivenprotocolsbecause
of thelargeroutingoverheadincurredin thelatter. Henceanon-
demandapproachis agoodbasisfor designingminimumenergy
routingprotocols.

Prior studieshave beendone that aim at designingmini-
mumenergy routingprotocols.Subbarao[19] suggestsa min-
imum power routing schemethat hasbeendesignedusing the
table-drivenapproach.Singhet al. [18] introducepower aware
cost metricsfor routesand designrouting schemesthat mini-
mizethesemetrics.They alsosuggestMAC layermodifications
which power down the nodeswhen inactive to obtain energy
savings.TheschemesuggestedbyRamanathanetal. [15] brings
aboutpowersavingsby usingtransmitpoweradjustmentto con-
trol the topologyof a multi-hop wirelessnetwork. Rodopluet
al. [16] develop a distributedpositionbasednetwork protocol
thatuseslocationinformationto computethe minimum power
relay routeto thedestinationwhich minimizestheenergy con-
sumedfor routing the packets. Changet al. [4] proposealgo-
rithmsto selectroutesandcorrespondingpowerlevelsin astatic
wirelessadhocnetwork suchthat thesystemlifetime (in terms
of batterylife) is maximized.Brown etal. [3] studythefairness
of differentpower aware routing objectives. In this paperwe
enumeratethe featuresthat arerequiredby a protocolto qual-
ify asa minimumenergy routingprotocol.Thesefeaturesserve
asa guidelinefor a minimum energy routing protocoldesign.
We suggestmechanismsthatcanbeusedto derivea ’minimum
energy routing’ versionof existingadhocroutingprotocols.Fi-
nally, wetestaminimumenergy routingversionof theDynamic

SourceRoutingprotocol(DSR) on the network simulator(ns)
framework andcompareits performancewith the existing ver-
sionof DSR.

I I . ENERGY MODEL USED FOR THIS STUDY

In thissectionwepresenttheenergy modelusedfor ouranal-
ysis. This modelhelpsusjustify therequiredfeaturesof a min-
imum energy routingprotocol.

Theenergyexpendedin sendingadata-packetof size � bytes
overagivenlink canbemodeledas��� �����
	��
����	�� (1)

Feeney et al. [6] proposea similar modelin their studyto de-
scribetheper packet energy consumption.In our model,	���� ���������������� � � � ����� �"!$#&%('*) (2)

	 � � �+��� ,.-0/� � ,.-0/ � �����������1�� ��2 �3�546��7 �8!$#&%('*)9�:� �*� �����
(3)

where
� � �����

and
� � �����

arethe backgroundpower andenergy
usedupin sendingthedata-packet,

� ,.-0/� is thepoweratwhich
theMAC packetsaretransmitted,� ,.-0/ is thesizeof theMAC
packetsin bytes,� 2 �3�546��7 is thesizeof thetrailerandtheheader
of thedata-packet,

� ���������1�� is thepoweratwhichthedata-packet
is transmittedand '*) is the transmissionbit rate. In orderto
simplify ouranalysis,weassume

� � �����
and

� � �����
to bezeroin

ourstudy.

I I I . REQUIRED FEATURES OF A MINIMUM ENERGY

ROUTING PROTOCOL

This sectionenumeratesthe requiredfeaturesof a minimum
energy routingprotocol.

A. Minimum energy routing protocols should calculate the cost
of a link in terms of energy and employ transmit power con-
trol of data-packets over the link.

Minimum energy routingprotocolsshouldtakeinto consider-
ation theenergy costof a routewhile choosingtheappropriate
route.Theenergycostof a link in arouteis thesumof themini-
mumenergy requiredfor transmissionof adata-packetoverthat
link andtheadditionalsignallingandpacketprocessingcost.

For agiventhresholdpower
� 7 , theminimumtransmitpower� � requiredfor successfulreception,assumingnofading,canbe

givenas � � ��; ��� � 7 ;=< %(	 (4)

where
;

is the distancebetweenthe two nodes, > is the path
lossexponentand 	 is a constant.Typically > takesthevalue
of 4. In caseof maximumpowerminimumhoproutingusedin
typicaladhocroutingprotocolslikethecurrentversionof DSR,



2

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

To gainmaximumenergy savings,theminimumenergy rout-
ing protocolshouldtransmitthedata-packetatpower

� � instead
of thefixedtransmitpower. Thiscanbeachievedby employing
dynamictransmitpowercontrolon thelink.

Using(2) and(3), 	�� and 	�� in (1) are	 � �?	A@� � �	��B�
	 @� � � ��2 �3��46��7 ��	 @� (5)

Typical valuesfor 	 @� and 	 @� in a two frameexchange802.11
MAC environmentwith ACKs sentat full power anda 2Mbps
bit rateare C=DFEG%IH
JLK3M and CLNODQP respectively.

The minimum energy routing protocol shouldcomputethe
link energy costusing(1) andshouldchoosetheroutesuchthat
theenergy costof theroute

� 7
R+S���� givenby� 7TR+SU��� � VWYX < ��Z X < 7
R[SU���
��� ��� (6)

is theminimumoverall availableroutes.

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

Consideracasewherethereare4 nodesa,b, c, d in astraight
line. The minimum energy route from Node a to Noded as-
sumingthatthevalueof 	�� in (1) is negligible is themulti-hop
routea-b-c-d. [16] shows that the minimum energy routesin
a network translateto multi-hop routesand the minimum en-
ergy routingprotocolshouldbeableto discovertheseminimum
energy routes.Theroutediscovery mechanismsof existing on-
demandprotocolsaresimilar in the way the routediscovery is
initiated. For finding a routefrom Nodea to Noded, themech-
anismsinitiate a RouteRequestpacket broadcastfrom Nodea.
Assumingthatthispacket is heardby Nodesb andc,bothnodes
rebroadcastthe packet. The packets broadcastedby Nodesb
and c are heardby all nodes. However sinceNode c hasal-
readybroadcastedthesamerequestearlier, it ignorestherequest
packet from Nodeb andNoded repliesbackto the requestsit
hearsfrom Nodesb andc . Hencethe on-demandroutesdis-
coveredby Nodea area-b-danda-c-d: The minimum energy
routea-b-c-dis not discovered. Hencethe existing versionsof
on-demandadhocroutingprotocolscannotqualify asminimum
energy routingprotocols.

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

In thecurrentversionof on-demandadhocroutingprotocols,
routemaintenanceis carriedout by therouteerrorpacketsonly
whenthelinks arebroken. No routemaintenanceis doneto in-
dicatethechangein thequalityof alink. No mechanismupdates
theinformationaboutthechangingpowerrequirementsthatoc-
cur on thatroutedueto nodemobility. Evenaftertheminimum
energy routesarediscovered,thechangesin theenergy costsof
the links have to be tracked so that the energy expendedis as
closeto theminimumvalueaspossible.In casetheenergy cost
of a certainlink risesdueto the nodesmoving apart,the route
mayno longerbe theminimumenergy route. Therefore,these
changesin the energy costneedto be conveyed to the source

node,sothatit canchooseotherlowerenergy routesasneeded.
Hencea minimumenergy routingprotocolmusthave a mecha-
nismfor trackingtheenergycostchangesin theroutes.Mobility
alsocausesthecreationof new lower energy routes.For exam-
ple,with 3 nodesa,b,andc andtheminimumenergy routefrom
Nodea to Nodec atoneinstanceof time is a-c.Now becauseof
nodemobility, Nodeb movesto a positionbetweenNodea and
Node c making the new optimal minimum energy route from
Nodeato Nodec asa-b-c.Therefore,to maintainminimumen-
ergy routing, additionalroutemaintenancewhich goesbeyond
achieving basicconnectivity is required.

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

The overheadincurredby the minimum energy protocolsin
the processof minimum energy route discovery and mainte-
nanceshouldscalewell with the numberof nodesin the net-
work. Minimum energy routesessentiallytranslateto multi-hop
routesandasthenumberof nodesin thenetwork increase,the
numberof hopsin the minimum energy route increaseandso
doestheoverheadin discoveringandmaintainingtheseroutes.
Thisoverheadshouldbe \ ��] � to ensurescalingof theprotocol.

IV. MECHANISMS TO IMPLEMENT THESE FEATURES

Existingversionsof on-demandad hoc routingprotocolsdo
not possessmost of the requiredfeaturesof a minimum en-
ergy routing protocolasdemonstratedin the previous section.
This sectionsuggestsmechanismsfor theeasyimplementation
of thesefeaturesin theroutinglogic.

A. Implementing link energy cost computation and transmit
power control

This mechanismcanbeimplementedby modifying theroute
requestpacket headerto includethepower at which thepacket
wastransmittedby the sourcenode. Let

�_^a`
be this transmit

powerin dBW. Thereceiving nodereceivesthispacketatpower�cb `
in dBW. Let

� ^ 2 7T�[Z 2 bethetheminimumpower level re-
quiredfor a successfulreceptionin dBW. Theminimumpower
requiredfor thetransmissionof thepacket sothat it is success-
fully receivedby thereceiver (

� ^d`"e X < ) canbethencalculated
in dBW by thereceiving nodeas� ^d`"e X < � � ^a` � � ^ 2 7
�3Z 29f �cb ` �hg (7)

where g is amargin to overcometheproblemof unstablelinks
due to channnelfluctuationsand nodemobility. The receiver
nodecanreadthevalueof

� ^a`
from theheaderof thereceived

packet. Whatessentiallyis beingdonein (7) is determiningthe
valueof

� � in (5) so that thevalueof 	 � and 	 � in (1) canbe
computed.Thispowervalue

�_^a`"e X < is includedalongwith the
nodeID in the routerequestpacket informationandthepacket
is re-broadcastedby the receiver node. The destinationnode
reversesthe route in the route requestpacket and insertsthis
powerinformationfor eachhopin theroutingheaderof theroute
reply packet to routethe routereply packet to the sourcenode
usingtransmitpowercontrolateachhop.Eachnodein thereply
pathstoresthe valueof this minimum transmitpower required
to get to thenext hop

�_^a`"e X < . Thesourcenodegetstheexact
power valuesfor eachhop from the routereply from which it
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cancalculatethetotal energy costof therouteby using(5) and
assuminga suitablevaluefor 	�� . For routing the data-packet,
in caseof protocolslike AODV [14], nodesof thenetwork can
simply look up thevalueof theminimumtransmitpower from
their routingtableandtransmitthedata-packetat thecontrolled
power. For sourceroutingon-demandprotocolslike DSR [10],
this minimumtransmitpower valuefor eachhopis includedin
the routing headerof the data-packet by the sourcenodeand
eachnodeforwardingthe packet simply looksup the next hop
in thesourcerouteandtheminimumpowerrequiredto getthere
andtransmitsthepacketat thecontrolledpower level.

B. Implementing route discovery of minimum energy routes

This mechanismenablesthe nodeto storethe route power
informationit hearsin therouterequestpackets.Thenodethen
snoopson routerepliesnot directedto the nodeandchecksif
it lies on a lower energy paththanadvertisedin theroutereply
using the storedroute power information and the route reply
power information. In caseit lies on a lower energy path, the
nodesendsagratuitousroutereplywith thelowerenergypathto
thesource.In this mannerthenodescandiscover theminimum
energy route.

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

This mechanismenablesthe nodesin a data-packet’s source
routeto sensethepowerchangesin thesourcerouteasthedata-
packet is forwardedto the destination. Eachnodesensesthe
poweratwhichit receivesthedata-packetandcomputesthenew
minimum transmitpower

�c^d`"e X <(< ��i and the new minimum
transmitenergy

�B^a`8e X <(< ��i requiredby the previous nodeto
successfullytransmitthe packet to it using(7) and(5) respec-
tively. Thecurrentnodecomparesthis energy valueto theorig-
inal value

�B^a`"e X < calculatedfrom
�c^a`8e X < (which is adver-

tised in the sourceroute in caseof DSR and is presentin the
routingtablein caseof AODV) andifj � ^d`"e X <(< ��i f � ^d`"e X < jLkml (8)

where
l

is a thresholdvaluein dB, the nodesetsa flag in the
routingheaderof thedata-packetaboutthechangedenergy cost
of thelink andwritesthisnew powervaluein theroutingheader.
Now oncethedestinationgetsthedata-packet,it checkstheflag
in the routing headerof the data-packet andsendsa gratuitous
routereply packet containingthe routewith thenew power in-
formationto thesource.Theintermediatenodesandthesource
nodeupdatetheir cache/routingtablewith this new power in-
formationandthuskeeptrackof theenergy costchangesof the
links of theroute.

In caseof nodemobility, lower energy routescan form af-
ter the initial route discovery of a low energy routeon which
thedata-packetflow is beingsent.Theroutemaintenancelogic
shoulddiscoverandtake advantageof theseroutes.This mech-
anismmodifiesthe MAC ACK headerto include the transmit
power informationof the ACK frame. A nodecansnoopon a
data-packet not directedto itself andthenon the ACK for the
data-packet from the receiver. The nodecomputesthe energy
costfrom itself to the transmitternode(

� ��R ^a` ) from thedata-
packet power informationandtheenergy costfrom itself to the

receiver node(
� ��R b ` ) from the ACK power information. Let� ^a`"e X < betheadvertisedenergy costto getfrom thetransmit-

ter to thereceivernode.Now if� ��R b ` � � ��R ^d`onm�B^a`"e X < (9)

thenodeunderstandsthatit liesona lowerenergy pathbetween
the transmitterandthe receiver nodes.It thensendsout a gra-
tuitousroutereply to thesourceof thedata-packet informing it
aboutthelowerenergyroute.Thismechanismenablesthenodes
to keeptrackof theoptimumminimumenergy routeover time.

D. Ensuring scaling of the minimum energy routing protocol

To ensurescaling,theprotocolmustconvergeto theminimum
energy routekeepingthe overheadas \ �p] � . This canonly be
doneif theroutingandpower informationobtainedin theroute
repliesis storedandprocessedin an intelligent mannerso that
everyroutereply leadsto aclearertopologyview of thenetwork
ateachnode.Thiscallsfor storingtheroutingandthepowerin-
formationin a unifiedgraphdatastructureof thenode’scurrent
view of thenetwork topology. [8] usesa similar structure,the
so-calledlink cache for storing the informationobtainedfrom
theroutereplies.We suggesttheuseof a similar datastructure,
the energy aware link cache, wherethe costof eachlink is set
astheenergy cost.Theenergy awarelink cachesavestheinfor-
mationabouttheenergy costof eachlink ( 	 � and 	 � from (1))
from the routereply in an arrayandthe well-known Dijkstra’s
shortestpathalgorithmis usedto find thecurrentminimumen-
ergy costpaththroughthegraphto thedestinationnode. Thus
eachroute reply contributesin building up a perfecttopology
view of the network andit takes \ �3q � repliesfrom eachnode
to obtainthe perfectenergy costgraph. The minimum energy
routingprotocolcanthusconvergeto theminimumenergy route
with theroutingoverheadboundedas \ ��] � .

V. A ’ MINIMUM ENERGY ROUTING’ VERSION OF DSR

We implementedthe mechanismsdiscussedin the previous
sectionin theDSRprotocollogic in thenetwork simulator(ns)
toobtainaminimum energy routing versionof theDSRprotocol.
We usedthe network simulator(ns) version2.1b6 [5] for our
simulations.WeusedtheDSRversionwith thepromiscuoustap
disabled.Theenergy modelwe usedwastheonebundledwith
the ns-2.1b6packagewith the receiving costof a packet setas
zero in order to simplify our analysis. We employed the two
frame exchangeschemefor the MAC layer datatransmission
by settingthedot11RTSThresholdparameterto a valuegreater
thanthesimulateddata-packet size. We introduceda few other
changesin theDSRcodeotherthanthemechanismsdiscussed
above to obtainthe minimum energy routing protocolversion.
They were:r Cacherepliesoff: Maltz et al. [11] discussthe effect of on-
demandbehavior in ad hoc routing protocolsandstatein their
resultsthat in a typical simulationscenario,themajority of the
routereply packetsarebasedon cacheddataandonly 59% of
thoserepliescarry valid routes. Hencefor minimum energy
routing wherefreshnessof routesis even more important,we
disabledrouterepliesfrom thecache.r MAC layer ACK power control: In order to reducethe sig-
nalingcostperhop,we employedtransmitpowercontrolof the
MAC ACK packetson thelink.
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Fig. 1. Differenttypesof caches.
�� � is theminimumtransmitpower required
to getfrom Nodei to Nodej

For aclearanalysisof theenergy expendedby thenodesdur-
ing the simulation,we categorizedthe energy consumedinto
various componentsto understandthe effect of the different
routingmodifications/optionson thesecomponents.Hencethe
total energy consumedwasbrokenupasthefollows:r Energy expendedin DSRroutingpackets(

� 7TR+SU� X <�� )r Energy expendedin MAC signallingpackets(
�Be ��� )

The data-packet energy wasdivided further into the following
parts:r Energy consumedby theMAC header(

�Be ��� 2 4
7 )r Energy consumedby theroutingheader(
� 7
R[SU� X <�� 2 4
7 )r Energy consumedby thedatapayload(
� 46�
��� W � < )

HereweintroduceaconceptcalledtheGodenergy: let usas-
sumethatnodesaregiventhepreciseroutinginformationsothat
they have a perfectpictureof thenetwork topology. Eachnode
thencandeterminethepaththattakesup theleastenergy to get
a packet to its destinationandthedatais sentwithout any over-
heads.This energy is termedastheGodenergy of thatpacket.
Theroutingefficiency of theprotocolin termsof energy canbe
measuredwith respectto theGodenergy,

� � R+4 . � 46�
��� W � < f � � RT4
can be consideredas the routing inefficiency. Theseenergies
were loggedinto the tracefile by modifying the tracecodeto
includethesefields.

DSRoffers two designchoicesfor the typeof datastructure
usedto representthecache.In DSR,theroutereturnedin each
routereply that is receivedby the initiator of a routediscovery
representsa completepathwhich is a sequenceof links lead-
ing from that nodeto the destinationnode. By cachingeach
of thesepathsseparately, a pathcachecanbeformed. Alterna-
tively, alink cachewith anenergycostgraphcouldbecreatedas
discussedin IV-D. Both thesecachingtechniquesareillustrated
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in Fig. 1. Weexperimentedwith bothtypesof cachesto observe
which of thesesatisfythecriteriain III-D.

VI . TEST PROCEDURE

We comparedtheperformancein termsof energy savingsof
four versionsof theDSRprotocolviz.r DSRwith pathcache:This is theexistingversionof DSRthat
is bundledwith the ns-2.1b6simulatorpackage.The caching
mechanismusedin this protocolis thepathcache.r DSR with link cache: This versionof DSR is obtainedby
usingalink cachedatastructuredefinedin [8] to storetheroute.r Minimum energy routing DSR with pathcache:This is the
minimum energy routing version of the DSR using the path
cacheto storeand processthe routing and energy cost infor-
mation.r Minimum energy routing DSR with the energy aware link
cache:This is theminimum energy routing versionof theDSR
usingtheenergy awarelink cacheto storeandprocesstherout-
ing andenergy costinformation.

We usedrandomway-pointmovementscenariosto studythe
effectof mobility andscalingin termsof datatraffic onthemin-
imum energy routingprotocols.Theaveragenodespeedscon-
sideredwere0.001,0.1 and1 m/s. The numberof nodescon-
sideredwere10,15,20 and25 with topologysizesas600x300,
1000x300,1200x300and1500x300y � respectively. Thetraffic
sourcesconsideredwereCBR sourceswith a packet rateof 0.1
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Fig. 5. Effectof scalingonenergy cost

packets/sec/nodeandsizeof 512bytes.In all of thesescenarios,
eachnodeis a sourceanda sink for a traffic flow. The flows
startedat

îðïòñ
andcontinuedtill theendof thesimulation.

Theresultsfor eachscenariocanbeobservedfor thevarious
protocolsin Fig. 2 – 5.

The resultsfor differentmobility ratesindicatethat themin-
imum energy routingprotocolperformsbestin staticandslow
mobility scenarioswhereits energyconsumptionis within afac-
tor of 3 of thegodenergy. As themobility of thescenariorises,
theminimumenergy routingprotocol’senergy consuptionrises
abovethefactorof 3, but it still performsbetterthantheexisting
protocolversionin termsof energy savings.

Theresultsfor differentnumberof nodesin thenetwork gives
a indication regardingscalingissuesof the protocol versions.
From the resultsit is clear that the Minimum energy routing
DSR with pathcachewill not scaleasthe routing overheadis
a non-linearfunction of the numberof nodesó . The routing
overheadof theMinimum energy routingDSRwith theenergy
awarelink cacheis a linear functionof thenumberof nodesas
seenin theresultsandthusthis indicatesthat this protocolwill
scalewith thenumberof nodesin thenetwork.

It canalsobe observedthat the reductionin theenergy con-
sumptionby usingtheminimumenergy routingprotocolis pri-
marily due to the reductionin the routing inefficiency of the
protocolandtheuseof transmitpowercontrolwhich is brought
aboutby implementingtherequirementsof theminimumenergy
routingprotocols.

VI I . CONCLUSIONS

Our experimentalresultsjustify thenecessityof therequired
featuresof a minimumenergy routingprotocol. Thesefeatures
areverygenericin natureandcanbeusedasaguidelinefor de-
signingnew minimumenergyroutingprotocols.Wehaveshown
thatthesefeaturescanbeeasilyimplementedonanexistingver-
sionof the protocolto derive a ’minimum energy routing’ ver-
sionof theprotocol.Theminimumenergy routingprotocolen-
ergy consumptionis arounda factorof 4 timesmore than the
god energy ascomparedto a factorof 10-30 times in caseof
theexisting protocol.It is alsoclearfrom theresultsthatamin-
imum energy routing protocol shouldemploy a unified graph
datastructureto storetheroutingandpower informationsothat
it canconvergeto theminimumenergy routefastermakingthe
routing overheadas ôöõâóø÷ . Futurework plansinclude imple-
mentingthesefeatureson anadhocroutingtest-bedconsisting
of laptopsandwirelessEthernetcards.
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