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Abstract

In wireless mobile adhoc networks (MANETS) channel andggnesipacities are scarce resources,
a lot of energy-efficient routing protocols for MANETSs haeeih previously proposed to take into con-
sideration the nodes’ residual energies when establistontes between source-destination pairs.

In this paper we are not trying to introduce a new routing aigfum to be added to the already pro-
posed stack of energy-efficient protocols, but rather, veatifly a problem in cost-based energy-efficient
routing for MANETS, we call this problem “Flooding Waves” eWwhow that the “Flooding Waves” is a
serious problem in dense networks, to the extent that thessixe energy overhead consumed in these
waves can outweigh the gain achieved by energy-efficiehtgedction.

We propose the “Delayed-Forwarding” as a solution for thisplem. We provide both a simulation
analysis and a simple theoretical framework to validate angport this solution. Our results show that
when the “Delayed-Forwarding” is applied, the total numhsfrreceived packets (the useful work done

by the network) increases by almost 46% for dense networks
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1 Introduction

Adhoc networking is expected to have a significant impacthenefficiency of many military and civilian
applications, such as, combat field surveillance, disast@agement, data gathering, monitoring and sensor
networks. One of the constraints for building an efficiert@network idinite battery capacity. Since the
network nodes are battery operated, and in many cases #h@yséalled in an environment where it may be
hard (or undesirable) to retrieve the nodes in order to chamgecharge the batteries, the network nodes
need to be energy conserving so that the battery life andehthienetwork lifetime (total time in which the
network is connected and functioning) are maximized. Assaltea lot of the research efforts, as cited in
Section 2, have been directed toward proposing new endfigient routing protocols that aim at extending
the network’s lifetime.

In this work, we are not trying to introduce a new routing altion to be added to the already proposed
stack of energy-efficient protocols. Rather, we are intecekgn a more fundamental question about the
design of energy-efficient routing to maximize the usefigtime of an adhoc network. Our contribution is
identifying and solving a problem in cost-based energ\cieffit routing for MANETS, we call this problem
“Flooding-Waves". To the best of our knowledge, no prior work discussed thidlam or tried to solve it.

As discussed in details latéflooding-Wavegroblem stems from the same root asBreadcast-Storm
problem [17,24] faced in conventional power-oblivious MBNrouting protocols. However, tHdooding-

Waveds more profound because it is a series of flooding stormsdusdf just one storm. We show that this



is a serious problem in dense networks, to the extent thaxbessive energy overhead consumed in these
waves can outweigh the gain achieved by energy-efficiett gelection.

It has been previously shown that tBeadcast-Storrproblem can be solved by probabilistic forward-
ing schemes [4,15, 20, 23, 25], that is, in order to flood, ayralbde broadcasts a message with probability
p and takes no action with probability-1p. However, it is unclear how a similar approach can be applied
in cost-based energy efficient routing. In this case, andxpkaimed later, the destination node is inter-
ested in collecting the route-request (RREQ) messages Aboim the relaying nodes in order to be able
to select the most energy-efficient path from all the avéélabutes. Probabilistically forcing nodes to re-
frain from forwarding the RREQ message prunes the availahlees set and can end-up with choosing an
energy-consuming path.

In this paper, we propose thBelayed-Forwarding” as a solution for the flooding-waves problem. We
provide both a simulation analysis and a simple theoretieaatework to validate and support this solution.
Our results show that when thizelayed-Forwardings applied, the total number of received packets (the
useful work done by the network) increases by almost 46%¢daisd networks.

The rest of the paper is organized as follows: Section 2 ptegelated work. Section 3 reviews the
conventional routing protocols. Section 4 explains therafpen of energy-efficient cost-based routing.
Section 5 describes the flooding waves problem and proposekition for it. We conclude the paper in

Section 6.

2 Related Work

Recognizing the challenge of energy consumption in adhdwarks, much research efforts have been
directed toward the design of power-aware protocols. Weatassify the previous research on energy-

efficient routing into the following categories:



Clustering Routing Protocols organize the network into clusters, and for each clustepadioator node

is elected. The coordinator functions as a local access,puitich sets up a schedule for the nodes to trans-
mit their data. Different implementations are proposedtifi@se protocols, they differ in the way clusters
are formed and the way of choosing the coordinators. LEACH §hd SPAN [3] cluster in a random way
and the coordinator role is circulated over all the nodesértetwork, GAF [26] uses nodes’ geographical
location to form grid based cluster of nodes, and in ASCEN]T tHe decision of being active or in doze
mode is totally left to the node. Energy savings reportedtar category of protocols is very promising.
However, we think that it is more suited to sensor networksfo reasons: First, the mobility rate of sensor
nodes is not as high as mobile adhoc nodes and hence, thesteratg overhead is not significant. Second,
the traffic pattern of a sensor networks is typically an onalednevent-driven traffic, and hence, most of the
time the nodes’ wireless component can be completely tuoffedvioreover, clustering protocols assume
complete time synchronization and complete knowledge ightmring nodes, these conditions are too hard

to achieve without the existence of a centralized contadlh.

Minimum Transmission Energy Routing Protocols where introduced because the maximum power is
consumed during the transmission mode. According to thelosts radio propagation model there is a non-
linear relation between the transmission power and themnégsion distance. It is more energy conserving
(when considering only transmission energy) to send theeidat multi-hop fashion using relay nodes rather

than sending it directly to the destination. PARO [7], foample, favors forwarding the data to the nearest
neighbor until reaching the destination. Similarly, in[1tBe nearest relay node is favored over the farthest
node but the control frames at the MAC layer are sent with maxn power while the data frames are

sent with optimized reduced power. Other protocols cortreltransmission power not only based on the

distance between the sender and the receiver but also bas#flesent channel conditions. For example,



the scheme presented in [18] adjusts the transmission pawveerding to the signal-to-noise ratio (SNR)
at the receiver. Analogously, the protocol in [5] choosesppropriate transmission power based on the
packet size. The main disadvantage of these protocolstifadepletes the energy of the nodes along the

most heavily used routes.

Cost-Based Routing Protocols use a cost function to select a route from the set of the dlail@utes.
Conventional MANET routing protocols, being concernedwghd-to-end delay, tried to minimize the cost
(number of hops) of a route between a source and a destin&inilarly, cost functions have been exten-
sively used to provide energy-efficient routing. Singh [@2F the first to propose using several power-aware
metrics in route selection. Recently, a lot of research hayggsed cost functions that take into consideration
the nodes’ energy levels in order to bypass energy-poorqiod®uting. For example, Gupta [8] proposed
a power-aware extension to AODV routing protocol, in whittfe nodes are divided into three categories
(normal, warning and dangerous) according to the energl.l@he cost function depends on the category
in which the node falls. Another example is presented in {#6¢re the DSR protocol is extended to take
into consideration the combined cost of the nodes’ remgiritergy and the transmission energy consump-
tion. As mentioned before our contribution is not to pressenew protocol to be added to this category of

cost-based routing but rather to present some guidelineswario effectively apply such protocols.

3 Conventional MANET Routing Protocols

Energy-oblivious MANET routing protocols can be categedZnto (1)Proactive Routingvhich tries to
maintain correct routing information to all the network esdt all times, (2Reactive Routingrhich obtains
the routing information on-demand when a route is needed(8n#lybrid Routingwhich utilizes both

proactive and on-demand routing. Interested readers ¢antoe[19], [6] and [14] for a complete survey



and classification of available MANET routing protocols.this paper we will focus only on on-demand
routing.

Dynamic Source RoutinPSR) [11] [12] is our example for on-demand reactive rogtilDSR is a
simple and efficient routing protocol designed for adhoevoeks supporting rapid rates of arbitrary node
mobility. DSR is composed of three phases that work togdthaflow the discovery and maintenance of
routes in the network. These aré&kpute DiscoveryData TransmissioandRoute Invalidatiorphases. In

this section, we briefly describe each phase of the DSR mguptiotocol.

Route Discovery Assume that a source no8eeeds to transmit a packet to a destinaborfrirst,Schecks
its routing cache for any route to the destination; if thera tache hit the cached route is used. If there is no
route in the cache, S transmitRaute Reque$RREQ) packet as a single local broadcast message; which is

received by all the nodes currently within the wirelesssraission range d§, as illustrated in Figure 1(a).

(a) Route Request Propagation (b) Route Reply from D

Figure 1: Route Discovery Operation

Upon receiving an RREQ, an intermediate node, first, chddkeireceived request is a duplicate or
not; if it is, the request is discarded. Otherwise, the nduks its routing cache, if there is a cache-hit the
cached route is transmitted back to the source node. If teere route in cache, the node rebroadcasts the
RREQ to its own neighbors. As a result, the request is flood¢ldd network.

As shown in Figure 1(b), when the destination node receiveditst RREQ, it sends Route Reply

message back to the source. If bidirectional links are asduimthe network the destination simply reverses



the sequence of node IDs recorded in the RREQ header and thendply along this path. However, in
case of unidirectional links, the destination can inititsde®wn RREQ which propagates toward the source,
in exactly the same manner as the original RREQ.

It should be noted that the main focus of conventional raufinotocols is to minimize the overall
end-to-end delay, and, as a result, the destination refalidefirst route request it receives. Usually, the
established route has the minimum number of hops betweesotiree and the destination, but the route is
typically not energy-efficient because the transmissiatatices between hops are maximized and hence,

more energy is used in transmission.

Data Transmission The data transmission phase is a steady state phase of timgrprotocol, in which
the routes previously discovered are used to deliver datadesm pairs of nodes. During this phase the
control traffic is minimized, and the routes are kept contsaariong as they are not invalidated (nodes are

relatively stationary) as we discuss later.

Route Invalidation High mobility is a typical feature of MANETS: neighbor nodegn move outside the
transmission range of each other, causing what is knowrocken links To account for such communication
loss between nodes along a specific route path a mechaninRalte invalidatioror Route Maintenance
has to be used.

When originating or forwarding a packet using DSR, each rnadesmitting is responsible for confirm-
ing that the packet has been received by the next hop. If thlegpaan’t be transmitted up to a maximum
number of retrials, the node returnRaute Invalidnessage to the source stating which link is broken. Upon

receiving this message, the source can initiate a new RRE®eoanother cached route to the destination.



4 Cost-Based Energy-Efficient Routing in MANETS

In a cost-basedouting protocol, each node adds its current cost to theveddRREQ and rebroadcasts
it. Upon receiving the first request, the destination seisart During a specified interval, the destination
collects all incoming requests. When the timer expiresgdmination selects the best route and includes it
in the generated route reply. There is a tradeoff in detdénygithis timeout value: it should be long enough
to collect all the route requests and at the same time it ginduihcrease the overall end-to-end delay or
cause the source to timeout and send a new request. In owrimaptation, the value of the timeout is set
to be proportional to travel time of the first route requeseiged. This is done to factor in the distance
between the source and the destination. The energy-effictest-based network designer should answer
two questions: (1) How to assign a cost for a wireless link @)dow to aggregate the cost of a complete

route from the source to the destination. In this sectionbrigfly describe each design choice.

4.1 Wireless Link Cost Function

The cost function assigned to a wireless link should be desigo satisfy an important metric, namely an
efficient fair utilization of the available nodes’ energies. A wirelesklcost function can take the following
form [2] [16] [21]:

) B
Coshode = (Erx + ERX)G : (9_:> (1)

where:Ety is the energy consumed during transmitting a packet finoghe to node. 1. Erx is the energy
consumed during receiving a packét, and6g are the full energy and current remaining energyode,
respectivelya andf are positive weighing factors.

When the wireless link cost given by Equation (1) increaties probability for selecting this link to

be included in the route between the source-destinatiandegireases. As a result, the node willingness



to participate in routing and relaying other nodes’ datani®isely proportional to the link cost. The route
used is selected to favor both minimum total energy consiompind at the same time it will try to bypass

energy-poor nodes.

4.2 Cost Aggregation and Balanced Energy Concept

As described in Section 4.1, each node adds its currentsesEquation (1)) to the receivBiute Request
and rebroadcasts it. The destination then selects the alptimte from all theRoute Requesisreceived
and includes it in the generated route reply. Usually, thstidation sums up the costs of individual links to
evaluate the aggregate route cost. The destination nokigthie route that has the minimum cost summation

as the route to be used for this flow.

Figure 2: Aggregate Energy Capacity per Rou@, € Relative Remaining Energy)

However, it should be mentioned that, this implementatioasth’t take into consideration the energy
variance of nodes along the path. Energy-poor nodes can rdipsd because they have high-energy
neighbors. This problem is illustrated in Figure 2, wherau@ol 6um= 2.3) is favored over Route 2
(sum= 2.0), causing energy-poor nodes (Node 2 and Node 4) to be yaghigleted from their energy.

To further illustrate this problem, Figure 3 shows the amigtic, geometric and the harmonic means of
two numbersX and (100— X), whereX ranges from 0 to 100. As shown in figure, the arithmetic mean
(which is directly related to the summation of values) isstant (50) for all values oK. The value of

the arithmetic mean of 0 and 100 is the same as the arithmefnmof 50 and 50. On the other hand, the



50

40 gy >
Arithmetic N

30

Mean
N

————— Harmonic \

204

0 20 40 60 80 100
X

Figure 3: Arithmetic, Geometric and Harmonic MeanXodnd(100— X)

geometric and the harmonic mean are both more discrimigpétian the arithmetic mean, that is, they are
more sensitive to the variance between the two numbers. fEaa their maximum when the two numbers
are 50 (variance =0) and reaches 0 when one of the numbermigxium variance).

As described in Section 4.3, we compare the performancemétergy-efficient routing protocols, the
first uses summation to aggregate the route cost, while tendeuses multiplication (which is directly
related to the geometric mean) as the aggregation funatiothé route cost. We believe that, when two
routes have the same number of hops, multiplication of idd@&l link costs will yield a better energy-
balanced route. It should be clear that, the node’s costsigded to be> 1 and hence, the aggregated cost
function is a non-negative monotonically increasing fimrct In our future work, we plan to investigate
thoroughly the balanced energy problem (which is orthobtinthe flooding-waves problem we are trying

to solve in this paper) and devise a better algorithm to take of the energy variance along the route.

4.3 Simulation Analysis for Small Networks

To evaluate the performance of cost-based energy-efficiening in small networks, we used thietwork
Simulator(NS2) to simulate a 40-node network. The nodes are randoisigitilited in an area of 1000
1000n?. A total number of 40 flows are generated, each flow is assumbé t constant bit rate (CBR)

flow. Each flow has the rate of 2 packets/source/sec and thesjpsize is 512 bytes. The sources and

10



destinations of the flows are randomly picked from the nefwodes.

Initially, all the nodes are assumed to have full battenelef 5 joules; battery capacity was set to a
small value to scale down the simulation time. The total $ation time is 1600 seconds, the flow sources
start transmitting at a time randomly chosen between 0 afiddfonds and stops transmitting at a time that
is uniformly distributed between the flow start time and tmewation end time. Simulation parameters are

summarized in Table 1.

Table 1: Simulation Parameters

| Parameter Value
Number of Simulationruns 10
Network Size 1000< 100017
Node range 250 m
Node initial energy 5.0J
Number of connections 40
Packet Size 512 bytes
Transmission rate per source 2 pkts/sec

In our analysis we compare three protocols (1) conventib&R, (2) EE-Sigmaand (3)EE-Pi. The
last two are energy-efficient routing protocols that usdtamdand multiplication to aggregate the total route

cost, respectively. The following metrics are used to estlthe performance of the different protocols:

e Number of dead nodesA dead node is defined as a sender node whose energy levebis that
needed to transmit one packet or a receiver node whose eisdaps than that required to receive a

single packet. The number of dead nodes reflects the netifetikie.

e Number of received packettenotes the number of correctly received data frames tleaesafully

arrived at their final destination.

Figure 4 presents the simulation results for the small nétwb40 nodes. Figure 4(a) compares the
accumulated number of dead nodes over time and Figure 4gl)sstihe cumulative number of the correctly

received data packets versus time. As expected, DSR cossim@vailable nodes energy at a high rate

11
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Figure 4: Simulation Results for 40-nodes network

and hence, it has the highest number of dead nodes and thst lowaber of received packets.

Energy-efficient routing tries to bypass energy-poor natetsat the same time pick a route that will
consume less energy. Therefore, it extends the netwotinlideand hence, more work (received packets)
can be accomplished by the network. Toward the end of thelatmn, the curve in Figure 4(a) flattens
because most of the network nodes are dead and the souto®ates pairs are disconnected.

The network throughput is defined as the total number of vedepacket divided by the time. The
throughput can be seen as the slope of the curve shown ineFigb). It is important to indicate that
the throughput for energy-efficient routing is almost thensaas that offered by DSR. As a result, the
destination dynamic timeout value we used has an insignifieffect on the throughput. Toward the end of
the simulation the curve in Figure 4(b) flattens which intksahat the throughput of the network is close
to zero and no more messages are being received. This isdeecmst of the network nodes are dead and
no data packets can reach their destinations. As shown urd-i¢(b) EE-sigma increased the number of

received packets by 44% while EE-Pi boosted up the numberceired packets by 68%.
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5 Flooding Waves in Cost-Based Energy-Efficient Routing

5.1 Problem Definition

The simulation results presented in Section 4.3 show afsignt improvement in the performance of the
energy-efficient routing over conventional energy-olgig routing protocols. However, it should be noted
that, these results are only valid when we have a low-demgitywork. When the node density increases
a problem arises and the performance of the network is dgveegraded. In this section we are going
to discuss the origin of this problem, which we call tlidooding Waves” problem. To the best of our

knowledge, no prior work discussed this problem or trieddwesit for an adhoc network.

QQ\Q\D\ %QQ
@) @O (D]
©" 0%

Figure 5: A High-Density Adhoc Network

Figure 5 shows an example of a high-density network. Thestréssion range of the source is denoted
by the dotted arc. For simplicity, assume that all the nekwaydes have the same energy. Hence, the
transmission distance (energy consumption) is the onliofatat determines the efficiency of a route.
Moreover, assume that the time is slotted with slot tim@heret is long enough for the contention between
the transmitting nodes in one neighborhood to be resolvedilldstrate the'Flooding Waves” problem,
Figure 6 zooms in the neighborhood of the source.

When a source nodgneeds to transmit a packet and it doesn't know the route tdébgnation, it sends
out a route request. All the nodes in the transmission rahtfeesource receive this request after timén
this case there is a difference in the behavior of the comwealtDSR and that of an energy-efficient routing,

as described next.

13



OQB %9 65\5 %9
\ ))% ?\ \ ( ?\
%@B@ O O/ %QQ@ O O/

/

7 7 7
-

@) (b) (©) (d)

Figure 6: Flooding Waves Problem

In DSR, at timet, NodeX receives the request transmitted by the source (as showgungs(a)) and
it rebroadcasts the request to its neighborhood. Lateh@srsin Figures[6(b)-6(d)], NodX will receive
copies of the same request, however, it drops all these sakehey are redundant copies of a request it
has already handled.

In energy-efficient routing (e.g. [22], [8], and [16]), similar to DSR, Nod¢ rebroadcasts the first
request it gets aftarto its neighborhood. At time12 and as shown in Figure 6(b), X receives another copy
of the request. However, X doesn't discard the received gtadkfirst checks the cost of the new request
received, if the new cost is less than the one already tratexinthe request is rebroadcast, otherwise, it is
discarded. Since there is a non-linear relation betweetmahemission power and the transmission distance
the cost of the request received at\®ill probably be less than that receivedmand hence, it will be
rebroadcast. Similarly, in subsequent time slots, as sliowigures [6(c)-6(d)], Nod&X will receive copies
of the request, and each one of those will have a lower costttieaone already transmitted. As a result, X
will rebroadcast all the received route requests.

It should be noted that, each request transmitted out of Naotempletely floods the networBfoadcast-
Storm[17, 24]) until it reaches the destination. Moreover, thesdehavior is repeated at each hop along
the route (not only the source’s neighborhood). As a rethitsewavesof requests represent a huge route
discovery overhead and this overhead increases with thedse of the node-density. The wasted energy

consumed in transmitting these flooding waves diminishe®tiergy gain resulted from using an efficient

14



route.
To further illustrate this problem, we used NS2 to simulasénailar network setup to that described in
Section 4.3 (see Table 1). However, the number of nodesrieased from 40 to 150 to increase the network

density.
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Figure 7: Simulation Results for 150-nodes network

Figure 7 presents the simulation results for a dense netafot60 nodes. Figure 7(a) compares the
accumulated number of dead nodes over time and Figure 7gljsstine cumulative number of the correctly
received data packets versus time. As shown in Figure H@pamber of dead nodes when using DSR is
almost the same as that when using an energy efficient roakiyogithm. This surprising result is because
the forwarding nodes waste a lot of energy in the route disgogverhead for each new route discovered.
Figure 7(b) represents another result that seems, at firgtising: For high node-density networks, DSR is
actually delivering almost the same total number of padketiseir final destinations as that delivered when
using EE-sigma. As shown in the figure, the energy gain aeldiéy energy-efficient routing is canceled
out by the huge overhead the nodes are paying to discovex thates. The overhead is energy wasted in

rebroadcasting the requests in addition to time and bu#ipacity wasted due to the increased contention

15



among nodes.

Comparing the slope of Figure 7(b) with that of Figure 4(bjs iapparent that the network throughput
has degraded with the increase in the network density. €kidtrconcur with Gupta and Kumar’s results [9]
which proves the transmission capacity of an adhoc netwmithviersely proportional to the square root of

the number of nodes.

5.2 Delayed Forwarding

As described in Section 5.1, tlElooding Waves” problem wastes a lot of energy from the intermediate
relay node and severely degrades the network performarga résult, a mitigation scheme for this problem
has to be devised.

Reconsidering the example in Figure 6, it is clear that, oeoto solve this problem, Nod¢ has to
delay for a certain period before rebroadcasting the bedlisdle request it received. With similar reasoning,
it is apparent that each node in the network has to apply itsaslay before forwarding the route request
in order to suppress the redundant packets. We call thigamitin scheméDelayed Forwarding”.

However, it should be noted that, determining the timeolueséo be applied at each relay node is not a
simple question to be answered. Intuitivelyippadtimeout value §) for all the nodes will not do any good,
because it will just increase the end-to-end delay with@aarelasing the number of forwarded requests.
For illustration, reconsider the example shown in Figurét & apparent that, Nod® receives the RREQ
from the source at and forward it. It receives the request indicated in Figui® @t T+ & and forwards
it. Similarly for the requests shown in Figure 6(c) and Fgga(d) which occur at 2(t+ ) and 3 (1+9),
respectively.

On the other hand, waiting forrandomtimeout before rebroadcasting the request, will not be ghdo

suppress a significant number of the redundant packets.eBlsem for such claim is illustrated in Figure 8.

16
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Figure 8: Random Forwarding Delay at Each Relay Node

In the example shown in Figure 8, each node waits for a timaaiformly distributed in the range
of [0..X] before forwarding the route request. As a restuig probability that Node 5 receives the request
directly transmitted by Node 1 (worst cost) before the timtaxpires is 1. On the other hand, the probability
that Node 5 receives the least cost request before the tiregpintes decreases with the increase of number
of hops between the Node 1 and Node 5. Consequently, thelghtpthat a random forwarding delay will
suppress redundant packets decreases with the increéseriade density.

Examining the example shown in Figure 8, it is clear that fadBl 5 to suppress all the redundant
requests it has to wait longer than, for instance, Node 2. oAtingly, we propose that a relay node
receiving a request from another nogéelays for a timeout value which is proportional to the dist@a
between the nodieand nodej. We next present a simple analytical model for a linear netvio validate

this assumption.

5.3 Analytical Model for a Linear Network

In our network model, we assume that nodes are equidistdrthahthe energy required to transmit a packet
between any two adjacent nodegis,, while that required to receive a packetig,. The number of nodes
within one transmission range of a node is assumed to Bde minimum number of hops from the source

to the destination is assumed tole

B Path Length
~ Node’s Transmission Range

(@)

17



Similar to Section 5.1, we assume that all the network nodes bthe same residual energy. Hence,
the energy consumptiolety + Egy) is the only factor that determines the efficiency of a roieally, we
assume that the time is slotted with slot timevheret is long enough for the contention among transmitting
nodes to be resolved.

First, we compare the routing overhead for the conventiDigi with that of an energy-efficient routing
scheme that does not use a forwarding delay. Then we degveqtimal forwarding delay that each node
should wait before rebroadcasting the received request.

In DSR, each relay node broadcasts the request once, regauaflits cost, and discards all redundant
copies of the same request. Intuitively, the number of retpteansmitted (overhead) is just the total number

of nodes in the network and is given by:

Overheagsgr=n-H 3)

In energy-efficient routing, the relay nodes do not drop wapd requests but forward the duplicate if it
has a lower cost. Figure 9 shows a simple example for a linetarork where the node’s transmission range
includes two other nodes (a total of 3 nodes per neighbohdothe figure, time flows from top to bottom
where each row represents a new time slot. Dark nodes are fihiegarding the requests. For example, the
dark node in the 2nd row, 3rd column means that Node 3 forwardRREQ received from S. Analogously,
dark node in 3rd row, 3rd column sends the RREQ received froaheN.

The reader might think that since the number of transmittioges in 4th row is larger than that of the
3rd row, then the time needed for transmissionshould be different for each row. However, it should be
kept in mind that transmissions from different neighbordi®oan occur concurrently: As a results fixed

and is equal to the time needed for the nodesieneighborhood ( 2n nodes because of hidden terminals)
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to resolve their contention. In the example given in Figurei8 assumed to be long enough for 6 nodes to
resolve contention.

As shown in Figure 9, at = 0, Sbroadcasts a route request which is received by 2 and 3.=A1l,
both 2 and 3 forward the request. When 2 transmits 3 and 4veac8imilarly, 4 and 5 receives from 3. At
T = 2, 3 transmits because the request received from 2 has adostthan that received fro@ As shown
in figure, the number of nodes transmitting grows (by 1) until the edge of the expanding wave reaches
the destination (at = H), and then, it decreases by one for each subsequent timébiverhead is the
number of requests transmitted, which is equivalent to tiralyer of dark nodes. As a result, for a general

linear network, it is easy to prove that the overhead of rayiin energy-efficient network is:

H (n—1)-H
Overh = -1)-yi i
verheagdg ((n 1) ;|> +< i; |> "

H-(n—1)-(n-H-2)

N

where the first term represents the number of growing nodeishim destination is reached and the second
term represents the number of decreasing transmittersthafte

Comparing Equation (3) and Equation (4) illustrates theehonprhead imposed by an typical energy-
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efficient routing scheme. We propose using tBelayed Forwarding” mechanism to reduce this effect.
Optimally, the routing overhead in an energy efficient peotas equal to that of the DSR, where each node

forward the request only once. Next we derive the optimayl&r the linear network.

——
-~ -
~

~

P
-

—

Figure 10: A Linear Adhoc Network

Consider the linear network shown in Figure 10. After oné toe, Nodei (i hops away from source)
receives a request from the source. The cost of this requEskii2. After two time slots, Nodé receives
n—1 requests. The best cost request from those received ishat is forwarded form a node at exactly
mid distance between the source and Nad&he cost of this request Bry- (i2/2) + Ery. With similar
reasoning, afted time slots the best received request has a cost given by:

i2

|

For Nodei to suppress all redundant requests, it has to evtiihe slots, such that the cost of the request

received atl + 1 is greater than or equal that received aT his is shown in Equation (6)

i2 i2
(Erx- a+(d—l)'ERx) > (Erx- a1

+(d) - Erx) (6)

Solving the inequality given by Equation (6), we can dedine each relay node has to wait a timeout

value of:
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Etx
Erx

whereDelaynodg is the timeout value to be applied at nadendEry is the transmission energy required
to reach nodé from the previous forwarding node. As a result, the optirimaébut value at nodkis pro-
portional (at least for the linear network) to the the dishetween this node and the previous forwarding

node.

5.4 Simulation Analysis for Delayed-Forwarding

To evaluate the performance of the adhoc network when theogeal delayed forwarding is used we used
NS2 to re-simulate the same network setup as that describ8ddtion 5.1. In our analysis we compare
four protocols (1) convention&lSR, (2) energy-efficient routing that does not use “delayed/éoding”, as
describe in Section 5.EE-Sigma, (3) energy-efficient routing that use delayed forwardind addition to
aggregate the total route coEfz-Sigma-Delay and (4) energy-efficient routing that use multiplicatien a

the cost aggregation function and use delayed forwardinmgerimediate relay nodeBE-Pi-Delay.

25000

EE-Pi-Delay
EE-Sigma ---~
20000 DSR -

15000

10000 -

Number of Forwarded Requests

5000 -

1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600
Time

Figure 11: Cumulative Number of RREQ Forwarded at Relay Nagesus Time; Total Nodes = 150

Figure 11 shows the number of route requests forwarded extnigidiate relay nodes versus time. The
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number of requests forwarded when no delay is applied (EE&) is significantly larger than that for-
warded when using DSR. The relay node’s energy is not usedlived data packets to their destinations
but rather it is wasted in forwarding these overhead pack&tsen the delayed forwarding (EE-Pi-Delay)
is applied, the number of requests forwarded in energyiefficouting is almost as low as that forwarded
when using DSR and hence, the energy overhead is minimizedvigual clarity, we omit the curve for

EE-Sigma-Delay as it is very close to that of EE-Pi-Delay.
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Figure 12: Cumulative Number of Dead Nodes versus Time; Mades = 150

Figure 12 compares the accumulated number of dead nodesrmeerAs shown in figure, and similar to
the result shown in Figure 7(a), the performance of EE-Signsaverely degraded due to the wasted over-
head and therefore, the number of dead nodes is slightly tharethat when using DSR. However, when
our suggested forwarding delay (EE-Sigma-Delay and EBd?&y) is used, the route discovery overhead
is minimized and therefore, the energy savings from usingfficient route decreased the total number of
dead nodes in the network. As shown in Figure 12, the endfigyeat routing that uses delayed forwarding
decreased the number of dead nodes by 19% over the DSR.

Figure 13 shows the cumulative number of the correctly veckdata packets versus time. Figure 13
shows a similar trend of results as that shown in Figure 12.eWio forwarding delay is applied the

performance of EE-Sigma is as bad as that of the DSR. Howexwen a forwarding delay is applied
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Figure 13: Cumulative Number of Received Packets versug Tiimtal Nodes = 150

a significant performance improvement can be seen. EE-Sigmlay increased the number of received
packets by 22% over the DSR. While EE-Pi-Delay boosted thehau of received packets by 46% over

DSR.

6 Conclusion

In this paper we introduced some guidelines to be applidugtdamily of cost-based energy-efficient routing
protocols. we identified the problem &flooding Waves”, which is a common problem faced in any cost-
based routing scheme. We introduced a simple analyticathioda linear network to illustrate this problem
and we proposed the forwarding delay solution for this peobl

Through simulation analysis we showed that the applicaifdhe forwarding delay boosts the perfor-
mance of energy-efficient cost-based routing protocol. Méeved that the total number of received packets

for a given energy budget increases by 46% for high-densityaorks.
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