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Abstract

In this paper, we descrike our work on instrumenting
network simulators to enablethem to adequatelyand ac-
curately account for the enemgy consumed by ad hoc net-
work protocols' communication-related tasks. This is ac-
complishal by explicitly accounting for low-power radio
modes and considering the di er ent enemy costs asso-
ciated with each possibleradio state, i.e, transmitting,
receiving, overharing, idle, sensing,and slesping. Our
enelgy consumptioninstrumentation alsoallowsthe en-
ergy accounting to be done automatically by the simula-
tor irr espective of what layer of the stackthe protocol de-
signeris working. To validate our model, wecompare (1)
simulation resultsusing the GloMoSim/QualNet simu-
lation platform with and without our instrumentation
for the IEEE 802.11DCF, (2) analytical resultsfor both
802.11and S-MAC (a power-awale MAC designel for
sensornetworks), and (3) simulation resultsreproducing
testked experiments obtained for the S-MAC protocol. Fi-
nally, by comparing S-MAC against802.11and AODV
againstDSR, we showa@sethe ability of a network simu-
lation platform instrumented with our energy consump-
tion modelto evaluateenemgyconsumptionin ad-hac net-
work protocols.

1. Intro duction

Wireless ad-hoc networks are also known as "net-
works without a network" since they do not use any
xed infrastructure. Participating nodesin these net-
works are typically battery operated, and thus have
accesdo a limited amount of energy Frequertly, once
nodesare deployed, their batteries cannot be easily re-
charged. Sensornetwork nodes are a typical example
as someof them have very limited battery life; more-
over, oncedeployed, a sensometwork may be left unat-
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tendedfor its ertire operational lifetime. This is due to
the fact that sensornetworks may be deployedin wide,
remote, unaccessibleareas.

The energy-constrainednature of ad hoc networksin
general,and sensometworks in particular, callsfor pro-
tocols that have energy e ciency asa primary design
goal. Researth on power-aware protocolshasbeenvery
active and spansmultiple layers of the protocol stad.
As aresult, seweral energy-e cient medium-acceson-
trol (MA C)- and routing protocolshave beenproposed.

In order to evaluate and compare power-aware pro-
tocols in terms of their energy e ciency as well as
assessthe e ectiv enessof cross-lgjer mecanisms to
achieve energy savings, accurately accourting of the
energy consumedby data communication activities is
crucial. Such accourting must be as close to reality
as possible,taking into consideration all radio states,
i.e., energy spert not only while transmitting and re-
ceiving a packet, but also while in idle, overhearing,
or sleepmodes. Frequertly, the evaluation of network
protocolsis carried out using network simulators sud
asns-2 [11], GloMoSim[27], and QualNet [19]. As ex-
plained in detail in Section2, the modelsusedby these
simulators to accourt for energy consumption by data
communication activities are not accurate. More specif-
ically, the models employed either do not consider all
radio states or do not take into accourt the dierent
energylevelsthey consume.Furthermore, most current
simulators do not automatically measureenergy con-
sumption, leaving it up to the protocol designerto ex-
plicitly write code to accourt for it. And, clearly, de-
pending on the layer of the protocol stack, energy con-
sumption accourting can become quite cumbersome
and inaccurate. Not to mertion the duplication of ef-
fort ascode to accomplishthe sametask is written sev-
eral times for the samesimulation platform.

The cortribution of this paper is two-fold. First,
it describes our work on instrumenting network sim-
ulators to enable them to adequately and accurately



account for the energy consumedby ad hoc network
protocols' communication-related tasks. This is accom-
plished by explicitly accourting for low-power radio
modesand consideringthe di erent energy costsasso-
ciated with ead possibleradio state, i.e, transmitting,
receiving, overhearing, idle, sensing,and sleeping.Sec-
ond, our energy consumption instrumentation also al-
lows the energyaccourting to be doneautomatically by
the simulator irrespective of what layer of the stadk the
protocol designeris working. For example, in [3], the
analytical model presered for energy consumption in
IEEE 802.11single-hopwirelessnetworks is compared
to the accourting provided by QualNet with our en-
ergy consumption instrumentation. The results match
quite closely di ering by at most 15%. We then vali-
date our energy consumption model by comparing (1)
simulation results using the GloMoSim/QualNet [19]
simulation platform with and without our instrumen-
tation for the IEEE 802.11DCF [4], (2) analytical re-
sults for both 802.11and S-MAC [26] (a power-avare
MAC designedfor sensornetworks), and (3) simula-
tion results reproducing testbed experiments obtained
for the S-MAC protocol [26]. Finally, we showcasethe
ability of a network simulation platform instrumented
with our energyconsumption model to evaluate power-
aware protocols by comparing S-MAC against 802.11.
We alsoevaluate the energyconsumptionof AODV [15]
and DSR [12]. Although we implemert our energycon-
sumption instrumentation on the GloMoSim/QualNet
platform, it can easily be ported to any existing net-
work simulators (e.g., ns-2[11]).

The remainder of this paper is organizedas follows.
Section 2 reviews related work. In Section 3, we de-
scribe our energy consumption instrumentation. Our
experimental methodology and model validation re-
sults are preseried in Section 4. Results comparing
MA C protocols, namely S-MAC and 802.11,and rout-
ing protocols, namely AODV and DSR, are presened
in Section5 and our concluding remarks and directions
for future work in Section 6.

2. Related Work

2.1. Energy models and energy consump-
tion in Network Interfaces

In [21] the power consumption of some net-
work interface cards (NICs) was measured when
used by dierent end-user devices. They also re-
port on transport- and application-level strategies to
reduce energy consumption by NICs. Later, [7] re-
ported detailed energy consumption measuremets of
some commercially-available IEEE 802.11 NICs op-

erating in ad hoc mode. Energy consumption models
using linear equations were also introduced. For ex-
ample, E = m size+ b models data transmission
and reception, where the coecients m and b de-
pend on the type of communication, i.e., broadcast,
unicast, or padket discarded,and were determined em-
pirically .

Along the same lines, [6] assessedhe impact of
transmission rate, transmit power, and padet size on
energyconsumptionin atypical wirelessnetwork inter-
face.In most previous measuremets, however, the fo-
cuswason the characterization of energy consumption
during the many modes of operation of a NIC (trans-
mit, receiw, idle, etc.), under extremely simple scenar-
ios, e.g.,only two nodesoperating in ad hoc mode, with
one node acting asthe senderand the other asthe re-
ceiver.

In [1], a power consumption model for sensornet-
works consisting of three componerts (1)sensor-,
(2)computation-, and (3)communication coresis pro-
posed.The sensorcore, which assumeghat the energy
usedto sensea bit is constart, de nes power consump-
tion asPsense = 3 I, Wherer is the bit-rate and a
typical value for 3 is 50 nJ/bit. Power consumedin
the computation core is attributed to data aggrega-
tion andis de ned by Pcomp = agg 4 I, Where 4
canvary from afew pJ/bit to 10nJ/bit, and .44 isthe
number of streamsbeing aggregated.Finally, the com-
munication model has two portions: transmission and
reception. Power consumption due to reception is pro-
portional to r, the bit rate, asshovn in P,y = 12 T,
where 1, is 135 nJ/bit. Power spent on transmis-
sion, givenby Py (n1;n2) = ( 12+ 2 d(ng;nz)" 1),
also depends on the bit rate r, as well as the dis-
tance between nodes (d(ny;nz)) and path loss index
n. However, no validation of the energy model is pre-
sented in this work. Moreover, energy spent in data
processingis attributed to data aggregationand does
not accourt for local processing(e.g., data compres-
sion).

An energy-avare simulation model, which consid-
ers a network consisting of multiple nodes,where eath
node is composed by a local request queue, a micro-
processor,an external request queue, another proces-
sor, a service queue and a service provider is describe
in [22). All componerts are random variables. The to-
tal energyconsumption on a node is the sum of the en-
ergy spent by node componerts, energy consumption
for transmitting a data packet, and energy consump-
tion for receiving a data padket. Although the model
considersenergy spent with processingand bu ering
requests,the radio model is quite simple and does not
include a low-power radio mode, which is crucial for de-



velopmen of power-aware protocols.

A simple energy model is introduced in [9] to eval-
uate power-aware protocolsin the LEACH project [8].
LEACH (Low-energy Adaptiv e Clustering Hierarchy)
is a clustering-basedprotocol that usesrandomized ro-
tation of cluster-headsto ewvenly distribute the energy
load among the sensorsin the network. In the energy
model, the energy spent on transmission is given by
the energy dissipated by the radio electronicsand the
power ampli er, while the energyspert by the receiwer
is given by the the energydissipated by the radio elec-
tronics. Sincethe energy necessaryto amplify the sig-
nal dependsonits attenuation, and the attenuation de-
pendson the distance, the energydissipated by the ra-
dio electronicsis proportional to d? for short distances
and to d* otherwise. Using this same energy model,
[5] examinethe energy consumption in a wirelesssen-
sor network with two distinguished organizations: sin-
gle layer versusclustered.

In [14], energy consumption in ad-hoc mobile ter-
minals is modeled using the Advanced Con guration
Power Interface [10], or ACPI, an open standard that
allows computer systemsto implement motherboard
con guration and power managemen functions. ACPI
was usedto measureenergy consumption due to trans-
mission/reception. The resulting energy consumption
model includestwo states: high consumption state ,
where the host receives and transmits, and low con-
sumption state , wherethe node receivesor is in idle.
While this approac to model battery dischargeempiri-
cally is basedon valuesthat laptop power managemen
would seein real systems,it is platform-dependert.

A comparison of transmitter's energy consump-
tion of TCP Reno, Newreno and SACK using a
laptop testbed under dierent network conditions
(e.g.,variable round trip times, random loss, bursty
loss, packet reordering, etc.) is preserted in [20]. The
results shaws that SACK consumesthe least total en-
ergy, but if the energy cost for idle states is much
lower than receiving state, it performs poorly.

A sensor networks testbed of PicoNodes [17] is
used to evaluate energy consumption on dierent ra-
dio statesand di erent trac types.

Developers of power-aware protocols often imple-
ment their own energy models (e.g., [16], [13]) at the
layer of the protocol stack they are working on. An al-
ternativ e is to usewhat is available in current network
simulators or add extensionsto obtain the desiredre-
sults. Thusresultsfrom di erent e orts cannotbe com-
pared directly. For example,[25] doesan evaluation of
topology control protocols using ns-2 and the param-
etersfor the radio are from [21].

An analytical model to predict energy consumption

in saturated IEEE 802.11single-hop ad hoc networks
under ideal channel conditions is presented in [3]. The
energy consumption predicted by the model is then
comparedto the accourting provided by instrumented
QualNet. Important results from this work include the
following: (1) cortrary to what most previous results
indicate, the radio's transmit mode has marginal im-
pact on overall energyconsumption, while other modes
(receive, idle, etc.) are responsible for most of the en-
ergy consumed;(2) the energy cost to transmit useful
data increasesalmost linearly with the network size;
and (3) transmitting large payloads is more energy ef-
cient under saturation conditions.

2.2. Network simulators

GloMoSim and QualNet In QualNet 3.6 [19], the
energyconsumption model for communication is imple-
mented in the physical layer. The simulator currently
includes six di erent physical layer models: 802.11a,
802.11b,abstract, GSM, FCSC prototype, and link16.

The current radio model only de nes four states:
idle, sensing,receiving (RX) and transmitting (TX);
there is no state corresponding to the low-power en-
ergy mode where the radio cannot transmit or re-
ceive (usually referred as "sleep" state). For energy
consumption purposes,QualNet considersthat the ra-
dio is either in TX or RX states (in ad hoc net-
work mode). If the radio is in RX, it spends 900
mW. The power consumption for transmitting sig-
nals is calculated as: (TxP owerCoef txP ower +
TxP owerOf f set) txD uration

The valuesof TxP owerCoeff and TxP owerOf f set
are statically de ned based on the WavelLAN speci-
cations, and are assignedthe values of 16/sec, and
900mW (the same value as consumedin RX mode).
txP ower is proportional to the distance the sig-
nal is supposedto travel. For eac frame transmitted,
the energy spent is calculated and added to the en-
ergy consumption statistics variable. Once the sim-
ulation ends, total simulation time is multiplied by
the cost of being in RX mode and added to the en-
ergy consumption statistics.

Clearly, QualNet's current energy model is not re-
alistic enoughas it doesnot distinguish between RX,
overhearing and idle states. Furthermore, it does not
include a low-power, sleepstate. Another drawbadk of
QualNet is that there is no energy consumption infor-
mation during simulation time. The amount of energy
consumedis only available at the end of a simulation
run. For the purpose of ewvaluating energy consump-
tion, this is not a real issue,but if the goalis to simu-
late nodesfailing when running out of battery and/or



have energy-avare protocols looking at energy infor-
mation to make certain decisions,this model is not ad-
equate.

GloMoSim [27], QualNet's precursorprovidesan en-
ergy model that is very similar to QualNet's.

ns-2 The energy model supported by ns-2 [1]] in-
cludesfour states:idle, sleep,receiving (RX) and trans-
mitting (TX). Every node starts with an initial energy
level and consumesenergyasit transmits and receives
data. Periodically, nodesupdate the amourt of energy
spert in idle state.

Energy consumption for TX, RX, and idle states
have default valuesof Ptconsume = 0:660, Prconsume =
0:395 and Piconsume = 0:0, respectively. Howewer, to
our knowledge, there is no mertion of the energy con-
sumption in sleep state. While in sleep state, ns-2
keepsan accourting of the time spert in this state.
There is a note in the documertation that says that
\time in the sleep mode should be used as credit
to idle time energy consumption”, which implies that
P Sconsume = 0:0.

Someof the weaknesse®f the current energy model
employed by ns-2 include the lack of calculation of the
energy consumedin sleep state which does not allow
a fair comparisonbetweenprotocolsthat explicitly use
this mode for power savings. A minor drawbad is that,
if the user doesnot set the value of Piconsume , the to-
tal energyconsumptionwill re ect only what wasspert
in RX and TX.

2.3. Power-aware MA C proto cols

In this paper, we use two MAC protocols, namely
IEEE 802.11DCF [4] and S-MAC [2€], to validate and
showcasethe proposed instrumentation. We describe
their main features below.

The IEEE 802.11DCF [4] is a contention-based
protocol basedon carrier sensingwith collision avoid-
ance (CSMA/CA). IEEE 802.11performs both physi-
cal and virtual carrier sensing.Virtual carrier sensing
is achieved by sendinginformation about duration of
ead frame in the headerswhich is usedby stations as
an indication of how long the channel will be busy. Af-
ter this time is elapsed,stations can sensethe channel
again. In order to solve the "hidden terminal" problem
and avoid data frame collisions, the RTS-CTS hand-
shake is used.Two power managemen medanismsare
supported: active and power-saving(PS).

The SensorMAC protocol [26], or S-MAC, was de-
veloped with power savings as one of its design goals.
It also falls into the corntention-based protocol cate-
gory but achieves energy e ciency by making use of

low-power radio mode. Nodes alternate between peri-
odic sleepand listen periods. Listen periods are split
into synchronization and data periods. During syndro-
nization periods, nodesbroadcasttheir sleepingsdced-
ule, and, basedon the information received from neigh-
bors, they adjust their schedulesothat they all sleepat
the sametime. During data periods, a node with data
to send will contend for the medium (RTS-CTS ex-
change). If the node acquiresthe medium or if it has
data to receiwe, it will not sleepin the next period and
the data will be exchanged. After that, if there is still
enoughtime in the sleepperiod, the node goesto sleep.
If a node doesnot have data to transmit or receiwe, it
will sleep.

There has been considerable researt activ-
ity in power-aware MAC protocols. Besides S-MAC,
another notable example is the T-MAC [23] pro-
tocol, a cortention-based MAC for wireless sen-
sor networks which uses an active/sleep duty cy-
cle. TRAMA [16] is an example of a power-awvare
stheduled-based(time-slotted) MAC Protocol. It es-
tablishes transmission schedulesin a way that: it is
self adaptive to changesin trac, node state, or con-

nectivity.
3. Energy consumption instrumen ta-
tion

The main goal of our instrumentation is to provide
a "common ground" through which the e ectiv enessof
di erent power aware techniques, at a speci c layer of
the protocol stadk or acrossdi erent layers,canbe eval-
uated. Our model is simple and usesan approac sim-
ilar to [2]. Howewer, our instrumentation doesaccourt
for time and energy consumedin all radio states, in-
cluding low-power sleepmaode.

Due to the shortcomingsof the energy models avail-
able in existing simulation platforms (seeSection 2 for
details), developers of power-aware protocols often im-
plemert their own energymodels(e.g., [16], [13]), usu-
ally at the layer of the protocol stadk they are devel-
oping at. Another benet of the proposedinstrumen-
tation is that, sinceit is implemented at the physical
layer, it can be usedby any protocol layer.

3.1. Description

The proposedenergymodel considersall possiblera-
dio operation modes, namely: Transmitting , i.e., ra-
dio is transmitting data; Receiving , i.e., radio is ef-
fectively receiving data; Ov erhearing , i.e., radio is re-
ceiving data that is not destinedto the node?; Idle , i.e.,
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Figure 1. State diagram for radio modes

radio is ready to receiwe or transmit; Sensing, i.e., ra-
dio has detected some signal, but is not able to re-
ceive it; Sleeping, i.e., radio is in low power, and this
is not able to receive or transmit. Note that sensing
and overharing states are a special caseof the receiv-
ing state. Figure 1 shaws the state diagram, which de-
picts the main radio states and how state transitions
occur.

The power dissipated by the radio can be calculated
using the expressionP =V i, whereV andi arethe
voltage and current speci ¢ to the radio being usedand
are typically available from the radio data sheet. The
time the radio spendsin a certain state dependson the
padket size and the transmission rate and is given by
t = PacketSize=TxR ate.

Thus, for ead state, energy consumption is calcu-
lated asEy =  ty, where  represers the power
dissipated by the radio while in state y, and ty repre-
sers the time spert in state y. State y can be trans-
mission, reception, idle, sleepor sensing.Note that the
valuesof  are radio-speci c.

3.2. Implemen tation

The energy model was implemented at the ra-
dio/physical layer of both GloMoSim and QualNet.
The implementation includes: (1) the necessaryphys-
ical layer infrastructure to accourt for all possible
radio modes (as specied above), and (2) an inter-
face betweenthe physical- and MAC layersto cortrol
the radio modes (e.g., switch radio on/o, overhear-
ing versusreception, etc.).

The physical layer support for the energy consump-
tion instrumentation includes: (1) the addition of the
SLEEP state, (2) addition of a data structure for the
energy model, (3) and implementation of energy con-
sumption accourting functions. The radio/ph ysical im-
plemertations were modi ed such that thesefunctions
are called ewvery time a radio state change occurs.

Since the radio layer now supports the "sleep"
state, it is necessaryto provide functions for the

1 For deciding whether the radio is receiving or overhearing, the
energy model needsinformation from the MA C layer regarding
whether the node is the recipient of the frame.

MAC layer to set the radio state to and from sleep
mode. Functions GlomoEnergyRadioWakeUp and
GlomoEnergyRadioGoToSleep provide this function-
ality. Another aspect wherethe needof interaction be-
tween MAC- and physical layers becomeclear is in
order to identify if a received padket was in fact re-
ceived or overheard (i.e., the destination for the
padket is not the current node). The energy model as-
sumes that all padets received are overheard, and
thus the function GlomoEnergyUpdateEnergyRx
should be used every time a received padket is des-
tined to the node. If this function is not used, all
energy due to receiving will be accourted as overhear-
ing.

Each time the radio changes state, energy con-
sumption information is updated. In order to support
power-aware protocols, current energy spent informa-
tion in a node can be obtained by using the func-
tion GlomoGetCurrentE nergySpent. For example, a
power-aware routing protocol may want to examinethe
current energyinformation at nodesto compute paths
that only include nodeswhoseenergy are above a cer-
tain threshold.

Through a con guration le, the userde nes the en-
ergy consumption parameters. Statistics provided by
the energy model include: total energy consumption,
energy consumption per state, time spert in ead state
(including or not a\warm up" period).

4. Validation

We validate the energy consumption instrumen-
tation analytically and through simulations. For
the latter, we compare QualNet/GloMoSim instru-
mented with our model against the original Qual-
Net/GloMoSim. The protocol used is IEEE 802.11
DCF, which uses transmitting, receiving and idle
modes. Since the idle state typically consumesthe
same energy as receiving, we can directly com-
pare our model to GloMoSim/QualNet's which only
considerstransmitting and receiving states.

The other validation stepis to compareanalytically
the results obtained when a simple topology is used.
We performed this step for both IEEE 802.11 DCF
and S-MAC. Finally, we validate the model by repro-
ducing experiments conducted on a testbed implemen-
tation of S-MAC [26] and comparing the results from
the testbed with our simulations.

We then showcasethe use of our model by com-
paring, through simulations, S-MAC's power e ciency
against that of 802.11,and AODV against DSR. We
shaw that, through the use of an adequate energy in-
strumentation, it is possibleto get insight into where
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Figure 2. (a) Three-node top ology and (b) Five-
node top ology usedin validation.

energy is spent and how energy e ciency can be im-
proved. All simulation results presenied are averaged
over 10 runs with dierent seeds.

4.1. Instrumen ted Glo-

MoSim/QualNet

versus original

In this experiment, the goal is to validate our model
by comparing the energy consumedby IEEE 802.11
DCF usingoriginal GloMoSim/QualNet againstresults
obtained using GloMoSim/QualNet with our instru-
mentation.

We usedthe default valuesfor all parametersin the
con guration le, i.e., the transmissionrate is setat 11
Mbps, and the power consumption is 900mW for both
receiving/idle and transmitting states. The transmis-
sion range for eac node is 100m (receiver threshold is
-75dB).

The scenariousedis a string topology with 3 nodes
(two-hop topology), asshawvn in Figure 2(a). All nodes
are stationary and routes are static. CBR trac is gen-
erated from node 0 to 2 40 times with 5 secondinter-
val; the data sizeis 200 bytes. A simulation run lasts
250 seconds.

Table 1 shows the total energy consumed by
ead node for both original- and instrumented Glo-
MoSim/QualNet. Note that IEEE 802.11 DCF only
usestransmitting, receivingand idle modes,wherecon-
sumption in idle state is typically the sameasin re-
ceiving. Therefore, we can directly compare our model
to GloMoSim/QualNet's, which only considerstrans-
mitting and receiving states. Thus, for this particu-
lar case, the values obtained are exactly the same.

Original Instrumen  ted
No de 0 224999.46 224999.46
No de 1 224998.74 224998.74
No de 2 224999.28 224999.28

Table 1. Total energy consumption in original
versusinstrumented GloMoSim/QualNet.

4.2. Analytical versus simulation results

For this validation step, we use the speci cations
for the TR1000 [18] radio, which is designedfor short-
rangewirelessdata communication, supports transmis-
sion rates of up to 115.2Kbps, and hasthe sleepstate
built in. Power consumption is 13.5 mW, 24.75 mW
and 15 W in receiving/idle, transmitting, and sleep-
ing states, respectively. The transmissionrangefor ead
node is setto 100m (receiver threshold is -75dB). Data
rate is 19.2 Kbps. Packet sizesare 20 bytes for RTS,
14 bytes for CTS and ACK, 380 bytes for DATA, and
24 bytes for SYNC.

The topology used is composed of v e nodes as
shavn in Figure 2(b). Nodes 0 and 1 are sources,3
and 4 are sinks, and 2 must route all the trac in this
two-hop network. The v e-node topology was chosenin
order to provide a scenario,which includesthe possibil-
ity of collisions, overhearing and sensing.Static routes
were set, so there is no in uence from routing proto-
cols. The experiment simulates 3 secondsof real time,
which is the time neededto transmit one pacet from
sourcesto destinations.

802.11 Consideringthat ead sourceis goingto trans-
mit onedata padket, Table 2 shavsthe transmitted and
received (and overheard) padkets per node when 802.11
is used.

No de T ransmitted Receiv ed Ov erhears

0 RTS+D ATA CTS*A CK (CTS*A CK) +
2*R TS+D ATA)

1 RTSTD ATA CTS + ACK (CTS+A  CK) +
2*R TS+D ATA)

2 Z(CTS*A  CK) + 2*(CTStA  CK) +

2*R TS+D ATA) 2*R TS+D ATA)

3 CTS+A CK RTS*D ATA (RTS*D ATA)
+ 2¢ (CTS + ACK)

Z CTS+A  CK RTS*D ATA RTSD ATA)
+ 2¢ (CTS + ACK)

Table 2. Packets transmitted and received per
node for 802.11.

Basedon the information on Table 2, data rate and
padket size,we can calculate the time ead node spent
in ead state, shown in Table 3. Note that the time cor-
responding to receiving state is split betweenreceiving
and overhearing. The time the radio is not transmit-
ting or receivingis spert in idle state. Also IEEE802.11
doesn't support sleepstate and thus no time should be
spernt in it, and thus it is omitted in the table.

To obtain the corresponding simulation results, we
use QualNet and send one padket from ead source
node to the corresponding sink node according to the
topology in Figure 2(b) with 802.11 as the underly-
ing MA C protocol. Table 4 preserts time spernt in ead
state, i.e., TX, RX, overhearing, sensing,and idle.



No de TX RX Ov erhearing Idle

0 0.166 0.011 0.344 2.479
1 0.166 0.011 0.344 2.479
2 0.356 0.369 0.000 2.275
3 0.011 0.166 0.189 2.634
4 0.011 0.166 0.189 2.634

Table 3. Analytical model: time spent in eachrel-
evant state for 802.11.

No de X RX Ov er- Sensing Idle Sensing
hearing + Idle

0 0.1787 0.0121 0.3695 0.2028 2.2369 2.4397

1 0.1787 0.0121 0.3695 0.2028 2.2369 2.4397

2 0.3816 0.3815 0.0000 0.0000 2.2369 2.2369

3 0.0121 0.1787 0.2028 0.3695 2.2369 2.6064

4 0.0121 0.1787 0.2028 0.3695 2.2369 2.6064

Table 4. Simulation: time spent in eachrelevant
state for 802.11.

The small di erence between analytical and simu-
lation results for TX, RX and overhearing is due ra-
dio syndhronization and internal delays intrinsic to the
simulation. For ead packet to be transmitted, the sim-
ulator will add the synchronization time and delays to
the transmissiontime, and thusit propagatesto all re-
sults. The time spert in sensingis causedby nodes
nearby, but not in range (radio is not able to lock the
signal). For example, in the topology of Figure 2(b),
node 0's sensingtime is given by the sum of the trans-
missiontimes of nodes1, 3 and 4. Becausethe sensing
range depends on the radio properties (e.g., transmis-
sion power of the neighbors, radio sensitivity for the
receiving node, distance between nodes, etc), we de-
cided not to considerthis state in the analytical model.
Thus when comparing simulation results to the analyt-
ical results, sensingtime should be addedto idle time,
resulting in valuespreseried in the last column of Ta-
ble 4.

S-MA C Next, we repeat the same exerciseusing S-
MAC as the underlying MAC protocol. By using S-
MAC, other factors must be taken into accoun. Be-
sidesthe time spert in transmitting and receivingdata,
it is necessaryto account also for the transmission of
SYNC frames’. S-MAC makes use of low-power sleep
state by switching nodesto sleepif a CTS, DATA, or
ACK from another node is received. Table 5 summa-
rizes the padkets exchangefor S-MAC.

Considering packets exchangein Table 5, data rate
and padket size, we can calculate the time ead node
spernt in ead state, showvn in Table 6. Note that the
time corresponding to receiving state is split between
receivingand overhearing.In orderto computethe time

2 Nodesperiodically exchange SYNC framesin order to identify
their one-hop neighbors and de ne their schedule.

No de T ransmitted Receiv _ed Ov erhears
0 RTS+D ATA CTS+A CK CTs +

+ SYNC + SYNC 2*(R TS+D ATA)
1 RTS+D ATA CTS + ACK CTS +

+ SYNC + SYNC 2R TS+D ATA)
2 2CTStA  CK) + 2*CTS+A  CK) +

2¢R TS+D ATA)
+ SYNC

2*R TS+D ATA)
+ 4*SYNC

3 CTS+A  CK RTS+D ATA (RTS+D ATA)
+ SYNC + SYNC + 2*CTS
4 CTS+A  CK RTS+D ATA

(RTSD ATA)
+ SYNC + SYNC + 2%CTS

Table 5. Packets transmitted and received per
node for S-MAC.

spert in idle state, we calculate how many listen peri-
ods t within the 3-secondsimulation runs; from that,
we subtract the time spent transmitting and receiving
SYNCs, RTSsand CTSs. Similarly, we can estimatethe
time spert in sleepstate by calculating how many sleep
periods t within a simulation run, and from that sub-
tract the time spent transmitting and receiving DATA
and ACKs. Note that ideally no DATA should be over-
heard, becausethe data portion of the listen period
is long enoughto accommalate RTS and CTS padk-
ets.

No de TX RX Ov erhearing Idle Sleep
0 0.1748 0.0217 0.3342 0.6335 1.8359
1 0.1748 0.0217 0.3342 0.6335 1.8359
2 0.3617 0.3917 0.0000 0.5685 1.6781
3 0.0217 0.1742 0.1758 0.6335 1.9948
4 0.0217 0.1742 0.1758 0.6335 1.9948

Table 6. Analytical model: time spent in eachrel-
evant state for S-MAC.

To get simulation results, we again use QualNet to
send one padket from ead source node to the corre-
sponding sink node in the topology of Figure 2(b) using
S-MAC asthe underlying MAC. Simulations run for 3
secondsafter the warmup period 3. Table 7 presens
time spert in ead state astracked by the energymodel.

No de TX RX Ov er Sensing Idle Sleep
-hearing !

0 0.1842 0.0508 0.3381 0.0620 0.4592 1.9057

1 0.1811 0.0508 0.3381 0.0650 0.4592 1.9057

2 0.3974 0.4147 0.0000 0.0000 0.4592 1.7287

3 0.0262 0.2108 0.1695 0.0514 0.4592 2.0828

4 0.0242 0.2108 0.1685 0.0545 0.4592 2.0828

Table 7. Simulation: time spent in eachrelevant
state for S-MAC.

Similarly to the results obtained for 802.11,we ob-
sene a dierence (10% on average) between analyti-

3 S-MAC needs a 20 to 30-second warm-up period for initial
neighbor synchronization



cal and simulation results due to radio synchronization

and internal delays intrinsic to the simulator. Note that

the calculation for sensingtime in S-MAC is not assim-
ple asfor IEEE 802.11,since S-MAC has a sleepstate.
But still in order to compareanalytical and simulation

results, sensingand idle time should be added: 0.5212
for node 0, 0.5242for node 1, 0.4592for node 2, 0.5106
for node 3 and 0.5137for node 4.

4.3. S-MA C testb ed versus simulation

We alsovalidate the proposedenergymodel by com-
paring results obtained from an implemertation of S-
MAC on a real sensornetwork testbed [26] against
simulations that tried to reproduce the testbed experi-
ments. Sincedetails of the testbed experiment werenot
available, an absolute comparisonis not possible.Our
goal is thus to obtain a qualitativ e evaluation of the
model. Once again, we usedthe TR1000 [18] radio pa-
rametersasdescribed above. The same v e-node topol-
ogy is usedand is shownn in Figure 2(b). Nodes0O and 1
are sources,3 and 4 are sinks, and 2 must route all the
trac in this two-hopnetwork. CBR trac with padket
size of 380 bytes is sent throughout the whole simula-
tion period. Simulation time varies with inter-arrival
period in order to keepthe number of padets trans-
mitted constart for all scenarios.

The graph in Figure 3(a) shows the averageenergy
consumedfor sourceand intermediate nodes for eat
di erent padket inter-arrival time. When comparedto
the energy consumption graphs preseried in [26] (Fig-
ures 8 and 10), we obsene similar behavior for all
nodes. The intermediate node spends more energy be-
causeit needsto forward data and thus cannot sleep
asmuch asthe other nodes.Also, the energyconsump-
tion increaseshecausethe simulation time (or the data
collection time in [26]) increaseswith the inter-arriv al
period.

5. Proto col comparison

The goal of theseexperimerts is to shavcasehow our
instrumentation can help evaluate power-aware proto-
cols, irrespective of their position in the protocol stac.
In the rst example, we evaluate power-awvare MAC
protocol, namely S-MAC. In the secondexample, we
evaluate two well-known routing protocols for multi-
hop ad-hoc networks (MANETS), namely AODV [15]
and DSR [12].

5.1. MA C proto col

In this specic example, we evaluate power-aware
MAC protocol, namely S-MAC. For these experi-

mens, we employ a scenario including fty nodes
uniformly distributed over 1000x100@n2. The param-
etersin the con guration le were again set according
to the TR1000 [18] radio speci cations. A CBR appli-
cation with 10 sourcesand 10 sinks sending 380-hyte
padkets was used. AODV [15 was used as the rout-
ing protocol.

The graph in Figure 3(b) shows the averageenergy
consumed per node for dierent padket inter-arrival
times. Note that the dierent inter-arrival periods do
not seemto a ect the averagetime spert in ead state
becauseresults are averagedover all nodesin the area
(which might include nodesthat do not transmit or re-
ceive at all).

Besidesproviding the overall energy consumption,
our instrumentation allows a better understanding of
which radio states are predominant and thus how en-
ergy savings can be adcieved. Table 8 shaws the time
spent in ead radio state (TX, RX, idle, sleep, sens-
ing and overhearing) for messagenter-arriv al period of
1sec.Theseresults demonstrate that the ability to use
low-power sleep state yields considerable energy sav-
ings.

Proto col TX RX Ov erhearing Sensing Idle Sleep
802.11 0.92 0.68 0.01 10.09 137.20 0.0
S-MA C 0.94 0.63 0.03 22.49 29.71 68.38

Table 8. Time spent in each state for 1sec mes-
sageinter-arrival time.

Since the instrumentation not only givesthe time,
but also the energy consumedin ead radio state, it
provides a better understanding of the protocolsunder
consideration. For instance, in [16], the energy savings
are attributed to the length of the sleeptime.

5.2. Routing Proto cols

In order to showv the ability of the instrumenta-
tion to account for energy consumption irrespective of
the stack layer we want to evaluate, we compare en-
ergy consumption for two MANET routing protocols:
AODV [15 and DSR [12].

For theseexperimerts, we employ a scenarioinclud-
ing ft y nodesuniformly distributed over 500x500n?2.
The parametersin the con guration le were set ac-
cording to the WaveLAN radio [7], and thus the power
consumption is 900mW for both receiving and idle
mode, and 1400mW for transmitting mode. The trans-
mission rate is 11Mpbs. A CBR application with 10
sourcesand 10sinks sending380-byte padkets wasused.
Simulation runs for 150 seconds.
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Figure 3. Simulations results using instrumented GloMoSim/QualNet.

The graph in Figure 3(c) shows the average en-
ergy consumed per node for dierent padket inter-
arrival times. Since the simulation had the same du-
ration for all dierent inter-arrival times, the scenar-
ios with smaller inter-arriv al times were able to deliver
more data packets, thus spending more time in trans-
mission mode, and therefore had larger averageenergy
consumption. In order to understand why DSR con-
sumesslightly more energy per node than AODV, it
is useful to look at the time spent in ead state. Ta-
ble 9 shows the time spernt in ead state for inter-
arrival time of one second.In this case,DSR spends
about 60% more time in transmission, receiving, over-
hearing and sensingstatesthan AODV. This is due to
the fact that DSR padkets are longer, sincethey carry
sourceroutes.

Proto  col X RX Ov er
-hearing
0.2214

0.3643

Sensing Idle Sleep

AOD V
DSR

0.0491
0.0779

0.0463
0.0737

1.8519
2.9891

147.5320
146.1956

0.0000
0.0000

Table 9. Time spent in each state for 1sec mes-
sageinter-arrival time.

6. Conclusions and Future Work

This paper preseried our work on instrumenting
network simulators to enablethem to adequately and
accurately accourt for the energy consumedby ad hoc
network protocols' communication-related tasks. This
is accomplishedby explicitly accourting for all possible
radio states, i.e, transmitting, receiving, overhearing,
idle, sensing,and sleeping,and considering the di er-
ent energycostsassaiated with ead of them. Another
cortribution of our energy consumption instrumenta-
tion is to allow the energy accourting to be done au-
tomatically by the simulator irrespective of what layer
of the stadk the protocol designeris working. For ex-

ample, simulation results obtained using instrumented
QualNet with our energy consumption accourting are
usedto validate the analytical model proposedto eval-
uate energy consumption in IEEE 802.11 single-hop
wirelessnetworks [3].

The instrumentation energy model is validated ana-
lytically and through simulations using two MAC pro-
tocols, i.e., IEEE 802.11 DCF and S-MAC. We also
showcaseour instrumentation's ability to evaluate en-
ergy consumption of protocols by comparing S-MAC
against 802.11,and AODV against DSR.

As future work, we plan to extend our energy con-
sumption instrumentation to real testbeds,e.g., Berke-
ley Motes [24]. By doing so, we will be able to validate
the results obtained through simulations.

In low-power sensor networks, communication is
known as one of the major sourcesof energy consump-
tion. However, when sensornetworks include more so-
phisticated sensorssuch as cameras,energy consump-
tion due to processingand sensingare no longer negli-
gible. We will investigate processingmodelsin order to
understand the energyconsumption trade-o s between
communication and processing/sensingThis will allow
us to achieve an e ectiv e balance betweenenergye -
ciency and data delit y. Also, we will be able to ex-
tend the energy consumption instrumentation to in-
clude processingand sensing.This will likely becomea
valuable tool for power-aware protocol designers.
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