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Recenly, seweral e cien t power-aware routing proto cols have been developed for
Mobile Ad Hoc Networks. While the MTPR (Minim um Total Transmission Power
Routing) scheme attempts to reduce the total transmission power per packet, the
MMBCR (Min-Max Battery Cost Routing) scheme tries to consider the remaining
battery power of nodes to prolong the lifetime of each node. Since it is dicult
for just one protocol to meet both goals simultaneously, a hybrid proto col like
the CMMBCR (Conditional Max-Min Battery Capacity Routing) mechanism has
been devised. However, to the best of our knowledge, this is the rst simulation
study to compare the three proto cols subject to a range of MANET scenarios
including mobilit y and network density. Moreover, in this study, we also consider
energy consumption due to overhearing of packets and show its imp ortance when
developing power-aware proto cols.

1 Intro duction

Mobile ad-hoc networks (MANET) ! have no xed infrastructure, where
all nodes communicate in all wirelesslinks with their transmission ranges.
Especially, someintermediate nodes should participate in forwarding padkets
whenthe sourceand destination nodesare not directly within the transmission
range of eadh other. Developing core protocols (at di erent layers,e.g., MAC
and network layers) for MANETs has beenan area of extensive researt in
the past few years. Somecritical issuein MANETs is that nodes are often
power-constrained. More recertly, seweral e orts have focusedon deweloping
power-aware protocols usedin MANETs 2 3 4 6. Furthermore, somerouting
protocols focusing on e cien t power utilization have beenproposed 4 7 8 9.
The Minimum Total TransmissionPower Routing (MTPR) 7 wasinitially
developed to minimize the total transmission power consumedper packet, re-
gardlessof the remaining battery power of nodes. Since the transmission
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power required is proportional to d , where d is the distance between two
nodesand between2and 4 °, MTPR prefersroutes with more hops having
short transmission rangesto those with fewer hops but having long transmis-
sion ranges,with the understanding that more nodesinvolved in forwarding
padkets can increasethe end-to-enddelay. Moreover, sinceit fails to consider
the remaining power of nodes, it might not succeedin extending the lifetime
of eah host.

S.Singhet al. ® proposedthe Min-Max Battery Cost Routing (MMBCR),
which considersthe residual battery power capacity of nodes as the metric
in order to extend the nodes lifetime. MMBCR allows the nodes with high
residual capacity to participate in the routing processmore often than the
nodeswith low residual capacity. In every possiblepath, there exists a weakest
node which hasthe minimum residual battery capacity. Hence,MMBCR tries
to choose a path whose weakest node has the maximum remaining power
among the weakest nodes in other possible routes to the same destination.
However, MMBCR does not guarantee that the total transmission power is
minimized over a chosenroute.

Finally, a hybrid approac was devisedby C.K Toh ° which relieson the
residual battery capacity of nodes.

However, to the best of our knowledge, this is the rst simulation study
basedon ns-2simulator 1° to comparethe three protocols subject to a range
of MANET scenariosincluding mobility and network density. Moreover, the
protocols suggestedin the literature overlook the energy consumption caused
by overhearing the padket transmitted by some neighboring nodes. There-
fore, we also obsened the performancewhen the energy consumption model
includes the energy dissipation due to overhearing.

The rest of this paper is organized as follows. In Section 2, we provide
brief descriptions of three power-aware routing protocols we studied. The
performanceevaluation with simulation results will be preserted in Section 3.
Finally, someconcluding remark is made in Section4.

2 Route Selection Proto cols

2.1 The Minimum Total Transmission Power Routing

The Minimum Total Transmission Power Routing (MTPR) ° medanism
makes use of a simple energy metric which represerts the total energy con-
sumed along the route. If we consider a generic route rq = ng;nNy;:::;Ng,
where ng is the source node and ng is the destination node and a func-
tion T(nj,n;) which denotesthe energy consumedin transmitting over the
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hop (ni, n;), the total transmission power for the route is calculated as:
P1
P(rq) = _ T(nj;ni+1). The optimal route ro is the one which veri es the

i=0
following condition: P(rp) = rmzip P(rj), wherer is the set of all possible
i
routes.

2.2 Min-Max Battery Cost Routing (MMBCR)

Although MTPR can reducethe total power consumption of the overall net-
work, it doesnot re ect directly on the lifetime of ead host. In other words,
the remaining battery capacity of eac host is a more accurate metric to de-
scribe the lifetime of ead host. Let ¢;(t) be the battery capacity of host n; at
time t. Wede ne f;(t) asa battery costfunction of host n;. The lesscapac-
ity it has, the more reluctant it is to forward packets; the proposedvalue is:
fi(t) = 1=q(t). If only the summation of the values of battery cost function
is considered,a route containing nodeswith little remaining battery capac-
ity may still be selected. The Min-Max Battery Cost Routing (MMBCR) &,
de nes the route cost as: R(rj) = Slmgvrg fi(t). The desiredroute ro is ob-
! J

tained sothat R(rp) = rr12in R(rj), wherer isthe set of all possibleroutes.
rpar

SinceMMBCR considersthe weakest and crucial node over the path, a route
with the best condition among paths impacted by ead crucial node over each
path is selected. However, in MMBCR, there is no guarantee that the total
transmission power is minimized over a chosenroute.

2.3 Conditional Max-Min Battery Capacity Routing (CMMBCR)

The Conditional Max-Min Battery Capacity Routing (CMMBCR) ° considers
both the total transmission energy consumption of routes and the remaining
power of nodes. When all nodesin some possible routes have su cien t re-
maining battery capacity (i.e., above a threshold ), a route with minimum
total transmission power amongtheseroutes is chosen. Sincelesstotal power
is required to forward packets for eac connection, the relaying load for most
nodes must be reduced, and their lifetime will be extended. However, if all
routes have nodes with low battery capacity (i.e., below the threshold), a
route including nodes with the lowest battery capacity must be avoided to
extend the lifetime of these nodes. We de ne the battery capacity for route
rj at time t as: R; (t) = 8nm|2nr G (t).
ielj

Giventwo nodes,n, and ny, this medanism considerstwo setsQ and A,
where Q is the set of all possibleroutes betweenn, and ny, at time t, and A
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is the set of all possibleroutes betweenany two nodesat time t for which the
condition R;(t) holds. The route selection scheme operates as follows:
if all nodesin a given paths have remaining battery capacity higher than
choosea path in A\ Q 6 ; by applying the MTPR scheme;otherwise select
aroute r; with the maximum battery capacity (i.e., MMBCR is applied).

3 Performance Evaluation

3.1 Energy Consumption Model

We assumeall mobile nodesto be equipped with IEEE 802.11 network in-
terface card with data rates of 2 Mbps. The energy expenditure neededto
transmit a packet pis: E(p) =i v t, Joules,wherei is the current value, v
the voltage, and t, the time takento transmit the padket p. In our simulation,
the voltage, v is chosenas 5 V and we assumethe padket transmission time
tp is calculated by (ph=2 10°+ pg=2 10°)seg where py is the packet header
sizein bits and py the payload size. The currents required to transmit and re-
ceive the padket usedin the simulations are 280mA and 240mA, respectively.
Moreover, we accourt for energy spent by nodes overhearing packets. As
shavn in 8, we assumethe energy consumption causedby overhearing data
transmission is the sameasthat consumedby actually receiving the packet.

For the purposeof evaluating the e ect of overhearing, we modi ed the
ns-2 energy model to accourt for overhearing. The total amount of energy
E (n;), consumedat a node n; is determined as:

E(ni) = Ex(ni) + Erx(ni) + (N 1) Eo(ny) 1)

, where Ey , E;x, and E, denote the amount of energy expenditure by trans-
mission, reception, and overhearingof a padcket, respectively. N represerts the
averagenumber of neighboring nodesa ected by a transmissionfrom node n;.
Eq.(1) implies that when the network is more dense,the padcket overhearing
causesmore energy consumption.

3.2 Simulation Environment

Ns-2 simulator was usedin our simulations. We modi ed the DSR (Dynamic
SourceRouting) protocol ! to implement MTPR, MMBCR and CMMBCR
a, It is the sourcenode that selectsthe best route while gathering all route

aFor the CMMBCR proto col, we studied two di eren t con gurations: values set to 25%
and 75% of the initial energy.
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repliestransmitted by the destination node. For route maintenance,although
we follow the basic DSR route maintenance scheme, the source node peri-
odically refreshesits cache and triggers a new route recovery process(in this
simulation, we used10 seconddor the period). Moreover, if someintermediate
nodesrespond to the route requestswith their cached routes when performing
the route discovery, we cannot obtain the expected route becausethe cached
routes do not represen the current state of power consumption of nodes.
Hence, we avoided some route cade optimization techniques performed by
intermediate nodesasin DSR.

Particularly , sinceonly a few actual network interface cardsallow a limited
number of discrete power levels, in this study we implemerted a xed trans-
mission range (250 meters) of nodes, which is supported by most of current
network cards. Hence,it meansthat MTPR selectsthe shortest path among
possible routes, thus behaves exactly like the protocol using minimum-hop
paths. Theoretically, only when all nhodesare capableof adjusting their trans-
mission rangesaccording to the distance between nodes, MTPR can reduce
the total transmission power by utilizing routes with more hops having short
transmission ranges. We run all simulations for 800 seconds.

When we consider node movemert, "random waypoint® model is used
with two factors: (a) maximum speedand (b) pausetime. During simulation,
ead node starts moving from its initial position to a random target point
selectedinside the simulation area. The motion speed value is uniformly
distributed between 0 and the maximum speed. When a node reaches the
target point, it waits for the pausetime, then selectsanother random target
point and movesagain.

3.3 Simulation Methadology

We evaluate the protocols by using a scenarioof densenetwork as well as a
randomly generatedscenarioof sparsenetwork. In the scenarios,we usethe
trac sourcesof constart bit rate (CBR) connectionswith 3 padkets/seconds
and a packet size of 512 bytes.

We analyzethe time when ead node die due to lack of remaining battery
(i.e., expiration time of nodes) as well as the lifetime of connection which
capturesthe e ects of disconnectionsdue to lack of possibleroutes (i.e., expi-
ration time of connections). In addition, we measurethe averagenumber of
hopswith di erent number of connections.

For investigating the energy consumption, all nodes have their initial en-
ergy values which are randomly selected,but are very similar. In addition,
since in realistic scenariossome nodes don't attempt to start the commu-
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Figure 1. Example Scenario: 49 nodes.

nication with low energy we assign more initial energy to the source and
destination nodesthan the others.

3.4 Observa Resultswith Example Senario

First, we ewaluated the performance by using the example dense network
scenarioconsisting of 49 mobile nodesequally distributed over a 540 m x 540
m areaas shown in Figure 1.

Figure 2 shaws how many nodeshave died over time due to lack of battery
when node movemert is not allowed. We can de nitely obsere dierent re-
sults betweentwo casesnhamely when the energyconsumption by overhearing
is excluded and when it is included.
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Figure 2. Example Scenario, 12 connections, No mobilit y.

When we excludedoverhearing, MMBCR outperformsthe others because
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MMBCR distributes energy consumption among di erent routes by taking
into accourt the remaining power of intermediate nodesin terms of the life-
time of nodes. Note that CMMBCR behavesin between of the MTPR and
MMBCR protocol. A equal to 25% derived a similar behaviour to MTPR,
while a  of 75% makesthe protocol behave as MMBCR does.

However, MMBCR increasestheir total energy consumption by using
longer paths than MTPR. In other words, when nding new paths, it is pos-
sible that the acquired paths consist of the nodeswith low energy resulting
in the early expiration time of connections(seeTable 1). However, from the
aspect of expiration time of connections,sincethere exist many other possible
paths in densenetworks when nding new routes, MTPR allows the connec-
tions to survive longerthan MMBCR. This is why Table 1 shows that MTPR
have higher total energy expenditure than MMBCR is that MTPR can con-
tinue to spend the energy of nodes becausethe connections survive longer
than MMBCR.

| | MTPRwW/0) | MMBCR(w/0) | MTPRW) | MMBCRW) |

Total Energy(J) 378.88 372.33 401.94 401.66
Mean CET(s) 257.06 237.37 73.23 70.38

Table 1. Total Energy Consumption; CET is the connection expiration time. w/o and w
represent without and with overhearing, respectively.

In addition, Table 2 shows the average number of hopsin the example
scenariowith di erent number of connections. The connectionsselectedfor 3,
6 and 12 connectionsare shown in Figure 1. For all casesthe averagenumber
of hopsin MTPR remainsaround 6% longerthan in MMBCR, becauseMTPR
prefers shorter routes in terms of hops.

# of Connections
3 | 6 | 12

MTPR 472 4.30] 4.70
MMBCR 4.90 | 4.60 | 4.96
CMMBCR ( = 25%) | 4.88 | 4.47 | 4.72
CMMBCR ( = 75%) | 4.96 | 4.56 | 4.77

Table 2. Average Number of Hops (Without Overhearing).

Besides,when we considerthe overhearingactivit y, all approachesbehave
similarly, becausethe nodesthat are closeto a transmitting node consume
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their energy even though we attempt to balancethe energy consumption by
using more stable route in terms of residual capacity (seeFigure 2 and Table
1).

Therefore, we investigatedthe amount of energyconsumedby the partici-
pating nodesaccordingto the network card activities. We obsenedthat most
of energy expenditure is causedby the overhearing activity (seeFigure 3). It
implies that sometechniques are required to reducethis energy expenditure
by, for example, switching the network interface cardsinto the sleepmode.

100% 1 |
O Over
B Rx
75% mTx

(%)

50% -

25%

Energy consumption

il

MTPR W/o MMBCR (W/o MTPR (with MMBCR (with
overhearing) overhearing) overhearing) overhearing)

0%

Figure 3. Investigating the Percentage of Energy Consumption.

Now, we evaluate how node mobility cana ect the performance. We used
pausetime of 30 secondsand the maximum speed of nodesis selectedto 5,
10, and 15 m/s. Sincewe obtained similar results for all simulations with the
varied maximum speedof nodes,we presen the results for 15m/s. Moreover,
when considering overhearing, we increasedthe nodes'initial energyin order
to better obsene the behaviour of the di erent protocols.

Figure 4 shows the number of operational nodes over time without and
with overhearing. MMBCR producedthe best performancewhen overhearing
is not considered(Figure 4.a). When considering overhearing, all protocols
have similar performance (Figure 4.b). From Figure 2 and 4.b, we can say
that when consideringoverhearing, all protocols are similar, regardlessof the
amount of initial energy

Figure 5 shows the lifetime of connectionswith di erent speedsof nodes’.

bNote that when compared to the static network, the lifetime of connections signi can tly
increases. In the static network, some connections cannot progress when network partition

occurs. However, in the dynamic network, the node mobilit y allows new paths to appear
after network partition is resolved.
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Figure 4. Example Scenario, 12 connections, Mobilit y(15 m/s).

MTPR experiencesbetter performance over MMBCR for all scenarios,be-
causein densenetworks, many other nodescan still act as forwarding nodes
for the connections. In the context, MTPR selecting the shortest paths be-
havesbetter than MMBCR delaying the expiration time of nodesbut wasting
more energy due to longer routes.

3.5 Observel Resultswith Random Senario

We ewvaluated the behaviour of the route selection protocols in some sparse
network. A MANET consisting of 75 mobile nodeswith their random posi-
tions in the areaof 1 km x 1 km is generatedin this simulation. The maximum
speedof nodesis setto 10 m/s with the pausetime of 30 seconds.We consid-
eredatotal of 12 CBR trac sourceswith a sendingrate of 3 padkets/sec (a
padket sizeof 512 bytes). All the connectionsstart at random time to emulate
somereal network environment.

Figure 6.a shows when the node die due to the lack of battery in the
scenariowith 10 m/s. On the other hand, Figure 6.b showvs someresults when
the energy model considersthe energy dissipation causedby overhearing.

As for the expiration time of nodes, the result shows similar behaviour
to the densescenario. In other words, the protocols selectingthe route based
on the remaining energy can have advantage of delaying the time of nodes
passingaway. As expected,when consideringoverhearing,all protocolsbehave
similarly. Howevwer, as for the expiration time of connections,both protocols
have similar results irrespective of overhearing (Figure 7). In this scenario,
the reduced number of available routes allows the two protocolsto selectthe
sameroute. Even more, when a node die, there exists a high probability that
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Figure 5. Connection Expiration Time. Maxim um speeds of nodes are 0 m/s, 5 m/s, 10
m/s and 15 m/s.
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Figure 6. Random Scenario, 75 nodes, 12 connections, Mobilit y(10 m/s).

the network becomespartitioned, specially in static scenarioor network with
low mobility of nodes. Thus, in sparsenetworks, the later the node dies, the
better performancewe get.
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Figure 7. Connection expiration time. Maxim um speed of nodesis 10 m/s. Low and High
Energy

4  Conclusions

We comparedthe energy consumption behaviour of three power-aware route
selection protocols, namely Minimum Total Transmission Power Routing
(MTPR), Min-Max Battery Cost Routing (MMBCR) and Conditional Max-
Min Battery Capacity Routing (CMMBCR). Extensive simulations under dif-
feret MANET scenariog(e.g., mobility, node density) show the importance of
considering overhearing as part of the energy model when evaluating power-
aware mecanisms. Another key result of this study is the importance of
network density in route selectionwhen trying to prolong the lifetime of both
nodes and connections. When considering overhearing, all protocols behave
similar with respect to the expiration time of connectionsas well as that of
nodes. When we do not considerthe overhearing activity, we can expect the
di erent performance according to network density. In densenetworks, be-
causeof the availability of seweral routes, it seemto be more important to
reduce the overall energy consumption so as to prolong the lifetime of each
individual node. Simulation results shov that MTPR allows the connections
to live longer. As for sparsenetworks, the role of nodesfor avoiding the net-
work partition is more crucial. To conclude, since network interface cards
in near future could allow nodesto switch themselvesinto on and o states
with low cost in terms of energy consumption and transition time, someap-
proachesthat combine the sleepingmode with the appropriate route selection
mechanisms should be deweloped to extend the lifetime of both nodes and
connections.
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