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On the Trade-off between Throughput Maximization and
Energy Consumption Minimization in IEEE 802.11
WLANS

Pablo Serrano, Matthias Hollick and Albert Banchs

Abstract: Understanding and optimizing the energy consumption send per each joule consumed. Still, it is intuitively clézat
of wireless devices is critical to maximize the network liféme and  this will not come for free, and there might be a price to pay in

to provide guidelines for the design of new protocols and irgrfaces. terms of throughput performance when developing sustinab
In this work we first provide an accurate analysis of the energ per-  and energy efficient architectures.

formance of an IEEE 802.11 WLAN, and then we derive the config- In thi ¢ hich extent th 1d) th hout
uration to optimize it. We further analyze the impact of the energy n this paper we assess to which extent the (old) throughpu

configuration of the stations on the throughput performance and .ma>.(imiza_tion and the (new) energy-efficiency maximizatibn_
we discuss under which circumstances throughput and energgf-  J€ctives diverge, for the case of IEEE 802.11 WLANS. Presiou

ficiency can be both jointly maximized and where they constitte Work has solved the configuration of WLANSs for throughput
different challenges. Our findings are that, although an enggy- Mmaximization, starting from the statical approaches of[@.@]
optimized configuration typically yields gains in terms of hrough- and including later adaptive approaches to maximize tisepieit
put as compared against the default configuration, it comes ith  second sent e.qg. [3, 4]. However, from the point of view of en-
a reduction in performance as compared against the maximum- ergy consumption, most of the research so far has addrdssed t
bandwidth configuration, a reduction that depends on the engly  analytical or experimental characterization of the energy-
parameters of the wireless interface. sumption of the WLAN [5-7], which is typically divided in
three states: transmission, reception and idle-stateTedele 1
Index Terms: Energy efficiency, energy optimization, IEEE 802.11, o the energy consumption of selected wireless networdscar
throughput optimization as well as two synthetic energy profiles to explore the pateme
space for future wireless network cards). There has been als
I. INTRODUCTION some proposals for energy efficiency optimization (e.g1{8)
té{pically based on heuristics and sometimes requiring gesn

Information and commuqlcatlon technology (ICT) holds Ontoéhe MAC layer. However, these approaches did not discuss
of the keys to the reduction of greenhouse gases produce

worldwide. However, increasing the energy efficiency of cony 0" ASSess the extent to which the objective of energy agaimi

. : = r(‘ion significantly differed from thelassical throughput maxi-
puting as well as networking can also significantly reduee th ™. °. o
consumption of energy in the ICT sector itself. The impoctan mization objective.
of “greening the Internet” is thus recognized as a primary de T0 the best of our knowledge, only Bruno etal. [11] have con-
sign goal of future global network infrastructures. Itiieated Sidered the relation between throughput and energy and have
that, today, the Internet already accounts for about 2% taf todiscussed whether these could be both jointly maximized or
world energy consumption, and with the current trend oftshiffot. However, their model consisted opepersistent CSMA-
ing offline services online, this percentage is expectedrovg Pased WLAN, where interfaces only consumed energy in two
significantly in the next years. The energy consumption iseto States (transmission and reception), instead of the tfegess
further fueled by the forthcoming Internet-based platfetiat described above, i.e., they neglected the energy consuared d
require always-on connectivity. ing the idle state. In their m_odel, consisting of a p-peesitt
However, communication protocols, and in particular tHeSMA-based WLAN where interfaces only consumed energy
technologies used in the access network, have been orlgiiWo states (transmission and reception), it was shown tha
nally conceived to optimize metrics other than energy, sagh €nergy efficiency and throughput do not constitute diffecdn -
throughput or delayGreening these protocols thus represents ictives and can jointly maximized. In this paper, where me i
shift in the design paradigm, where energy instead of tintleds Prove th accuracy of the energy consumption model, we prove
most critical network resource. We no longer want to maxanizhat this is not always the case.
the bits sent per time unit, but instead the bits the netwark ¢ The rest of the paper is organized as follows. In Section |
we present and validate an analytical model of the energy con
Manuscript received XXX; approved for publication by XXXXX, XXX.  sumption of a WLAN. We further introduce a nepproximate
5 SCTne S0 St v, e opatanrt o Mgl mocil hat rades of model accuracy fo he sake of il
email: {pablo,banchs}@it.uc3m.es. (nevertheless, as shown in the validation part, this redndf
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Table 1. Power consumption in Watts for different wireless interfaces where® is the set of events that can take place in a single times-

(as reported in [8] and extended for synthetic power profiles) |Ot2, while E(j) andp(j) are the energy consumed in case of

# | Card Dt Dr pi | pr/pi eventj and its probability, respectively. The getof events, as

A | Lucent WaveLanl 1.650] 1.400| 1.150| 1.22 well as their probabilities, is listed as follows:

B | SoketCom CF | 0.924| 0.594| 0.066| 9.00 « The slotis emptyp.

C | Intel PRO 2200 | 1.450| 0.850 | 0.080| 10.63| + Thereis a success from the considered stafion,

D | Synthetic 1 1.450| 0.850| 0.170! 5.00 « There is a success from another statjan,;

E | Synthetic 2 1.450| 0.850| 0.043| 20.00 « Thereis a collision and the considered station is involygd,
« There is a collision but the considered station is not ined|v
DPec,—i

imate analysis to derive a closed-form expression for thienab This way we can expand (1) as follows:
transmission probability. In Section IV we compare the lesu

ing configuration and performance from each approach, anddi ¢ = Pepile +

cuss in which circumstances energy and throughput cotestitu +  ps,i(ptTs + prTack + pi(SIFS + DIFS)) +

different maximization objectives. Finally, Section V atudes 1
the paper. + ps-i |orTs + m(ptTack) +
N -2
II. ENERGY CONSUMPTION ANALYSIS + 7 1(prTack) + pi(SIFS + DIFS)| +

Our analytical model for the energy consumption of a WLAN } } } .
requires the following input parametersy, the number of + Peilpils + piBIFS) + pe~ilprTs + piEIFS)

stations in the WLAN; CW,;,, defined as the minim.um whereT,, T,, andT,.; are the durations of an empty slot, a
contention window stations use on their first attempt; angl,ccessful transmission and the transmission of an aclkedigwl
{pe: pr, pi}, defined as the power consumed by the wireless igsent \whileSTFS, DIFS, and EIFS are physical constants
terfaces when transmitting, receiving and idling, respebt (for the computation of these values, see e.g. [1]).

We assume all stations have always a packet of fixed ledgth 1o probanility of each event can be easily computed based
ready for transmissidni.e., the network operates under satUsy, the probability of a transmissianas follows

ration conditions, and that the sole reason for frame loss is

collision (where two or more stations transmit simultarspu pe=(1-1)N

We further assume that each station randomly selects thie des

nation for each frame out of the othat — 1 stations. ps = N7(1—7)N"!

A. MODEL psg =71 =7)""
With the assumption that each transmission attempt callide Ds,~i = Ps — Ds,i

with a constant and independent probability, we can model th Pe=1—pe — ps

behavior of a station with the same Markov chain used in [1]. N_1

Then, the probability that a station operating under séituma Pei=7(1=(1=7)""")

conditions transmits upon a backoff counter decremeran be Pemi = Pe — De.i

computed by means of the following equation given by [1] , .
However, note that the full expression of (1) consists ofra su

2 of several terms that non-linearly dependsronn order to de-
T= m— ; ive the value ofr that provides the best ener erformance
1+ CWonin + pPCWonin S0 (2p) rive t provides th gy periormance,

P 2i=o (2) we introduce the following simplified expression f@rwhich

wherep is the probability that a transmission attempt of a statioMe denote by
collides. This probability can be computed as
P Y P e=1-m)pT.+rpTs+(1-7)(1—(1-7)V"") p T,

p=1—(1-7)N"! : N .
This way, we have simplified the s8tof events by consider-

The above constitutes a system of two non-linear equatio'ﬁg only three cases:

that can be solved numerically, giving the valuefoiith this, - ?hoeb(s)ti}t/'gr?rt]rsarglstrsﬁ'ts( ithout the distinction if theseaicol-
we next proceed to compute the energy per slot consumed by a : Its (withou Istinction ! !

station, which we denote hy sionora success)_, and . . . .

: - 3. some other station transmits (again, no matter if theie is
We computee by applying the total probability theorem as L
follows: success of a collision).

N The above can be expressed as:
e=Y_ E(j)p(j) 1)
jee é=R+7(T-R) - (1-7)"(R- E)

INote that, following our analysis of [12], the model could &ended to  2A timeslot is defined as the amount of time between two backofinter
account for variable packet sizes. decrements of a station, see [1].
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Table 2. Power consumption per interface for different wireless

15 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ interfaces

1.4% g o Card | CWyin | N | Sim (W) Model (W) Error (%)
val - ] A 8| 5| 1.4237 1.4263] 0.1843
Ll T e | 10 | 1.4042 1.4086| 0.3082
' Approximation 20 1.3927 1.3987 0.4311

I
N
T

32 5 1.4237 1.4263 0.1843
] . 1 10 1.4042 1.4086 0.3082
| | 20 1.3927 1.3987 0.4311
w 18] 5| 14237| 14263 0.1843
I 1 10 1.4042 1.4086 0.3082
i 5 1 20 1.3927 1.3987 0.4311
] B 8| 5| 06054] 06107 0.8713
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ I 10 0.5821 0.5910 1.5224
4 6 8 10 12 14 16 18 20 20 0.5675 0.5800 2.1971
Number of siatons 32| 5| 0.6054 0.6107| 0.8713

Fig. 1. Power consumption for the energy profiles A, B and C from 10 0.5821 0.5910 1.5224
Table 1 20 0.5675 0.5800 2.1971

128 | 5 0.6054 0.6107 0.8713
10 0.5821 0.5910 1.5224

o
©

o
©

Power consumption per station (W)
-

°
3

o
=)

o
0

whereE = p,T., T = p/Ts, andR = p,T,. We further write 20| 05675 0.5800 21971
T'=T - RandR' = R — E, therefore: C 8 5| 08898 08977 0.8826
. , N 10 0.8452 0.8583 1.5488
é=R+rT"-(1-7)"R (2) 20| 08181 0.8364| 22384

With the above, the power consumptiercan be derived by 32| 5| 0.8898 0.8977| 0.8826
dividing the average energy consumed per slot time oventhe a 10| 0.8452 0.8583| 1.5488
erage duration of a slot, i.e., 20 0.8181 0.8364 2.2384

128 | 5 0.8898 0.8977 0.8826
10 0.8452 0.8583 1.5488
Tstot 20 0.8181 0.8364 2.2384

&
m =

whereTy;,; is given by

Tstor = peTe + (1 = ps — pe)Ts the behavior of the WLAN but slightly overestimating the en-
ergy consumed for large values df. This overestimation is
caused because, in the simplified model, transmission ptsem
are assumed successful in all cases, which requires mormgyene
i L (because an acknowledgment has to be sent and received) than
’T collisions.
We further validate the accuracy of the approximate model
B. VALIDATION for a wider range oCW,,,;,, and N values, for the interfaces
We first compare the accuracy of the exact and approxim#eB, and C of Table 1. Results are shown in Table 2. We note
models fore andé against results obtained via simulation. Simthat the relative error is well below 5% in all cases, and @py
ulations are performed with an event-driven simulator teveproximates 2.5% when the number of stations is relativelyda
oped by us, that closely follows the 802.11 DCF protocol dé~N = 20), due to the overestimation of the energy wasted during
tails for each independently transmitting station, talkasdgnput collisions.
the number of stationd” and the set of p} parameters to use, We take advantage of the accurate analytical model to fur-
and provides as output the total throughput and power coegdunther explore the energy consumption of the WLAN, identiyin
in the WLAN. We compare the energy consumed per seeondvhere the energy consumption is rooted. To this aim, we ob-
for the three selected power consumption sets A, B and Gllistain the relative amount of energy wasted during empty slpts
in Table 1 for different values oV and the default DCF con- collisions for a varying number of stations, with the resudf
figuration (note that we do not show the results from synthefrig. 2 for interfaces A and C of Table 1.
interfaces in Figs.1-3 and Table 2 for ease of interprataifo It can be seen from the figure that,slSncreases, so do colli-
the plots, these will be considered in the energy optimizati sions and more and more energy is wasted in unsuccessfs tran
below). We model the physical layer with the parameters ef timissions. On the other hand, for the case of interface A, vi¥ien
IEEE 802.11b standard. Results are shown in Fig. 1. is relatively small (V < 4) more than 5% of the energy is spend
From the results, it is clear that the detailed analyticatielo in backoff counter decrements during empty timeslots, alres
e provides values that almost coincide with those derivethfrocaused by the overly large values@¥,,,;,, for these number of
simulations, while the approximate moddbllows very closely stations. However, note that while this energy wasted ingdk

Finally, we define the energy efficiengyas the ratio between
the bits transmitted and the energy consumed in a timeslot:
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Fig. 2. Relative energy devoted to collisions and idling for the selected Fig. 3. Impact of the CW,,;,, used on the energy efficiency for the

energy profiles A and C from Table 1 selected energy profiles (A), (B), and (C) from Table 1
non-negligible for the case of interface A (in fact, is lartiean 14
the energy wasted in collisions), for the case of C this issnev
the case: the relative energy wasted in idling never reat¥es 12} Simulation
This behavior can be intuitively explained if we consideatth L ppproximation
the cost of a timeslot that contains a collision or is empty . £

in fact, “multiplied” by the power consumed when transmit
ting/receiving or idling, respectively. Therefore, foethase of
interface C, the relative small duration of an empty timeso
further multiplied byp;, which is an order of magnitude below
pr andp, and results in a negligible contribution to the total er
ergy consumption. For the case of interface A, as the patip; A
is not that large, the energy wasted in idling can be comptarec 04r A 1
the energy wasted during collisions for small valuesvof
Next_we compare the efﬁuenqyfor thre(_e different WLAN 0 e oy 700 550 oe0 100
scenarios (one for each of the first three interfaces of Thple oW,
and the standard recommended configuratio®'®f,,;,,. To
this aim, we plot in Fig. 3 the value of given by simulations Fig. 4. Energy efficiency of the WLAN for N = 10 stations and the
against the ones provided by the accurate analytical mddel o interfaces of Table 1
(3), and the simplified model, i.e., using (3) but substitgt

with é. _ _ _ ‘tained for differentC'W,,,;,, values, depending on the WLAN
From the figure, is evident that the default recommendatigqierface considered. Note that this observation is atigmith
shows an efficiency that rapidly decreases with the number of,e results obtained in Fig. 2, where the relative costs lofgd
stations_N, a result expected pecause of the increasing numbgyy colliding are multiplied by different values dependiny
of collisions. To analyze the impact of iV, value used ihe interface. This way, th€'W,,;,, value that achieves best
on, in Fig. 4 we plot the energy efficiency of the WLAN forperformance is larger when the value is relatively smaller,
different values of the initial contention window, usingtfive ;¢ colliding is riskier than using larger values of the catiten
energy profiles of Table®l We show results from the simula-yindow. This relation between the power consumption param-
tions and using our approximated modgland we also mark giers and the optimal value 6f\W,,;,, is analyzed in the next

0sl A 1

Mbits / Joule

0.6 1

in

with a triangle the maximum value gfobtained. section.
From the figure, we can see two main results: first, the model
is very accurate, in particular in the region where the maxim IIl. CONFIGURATION OF 802.11:
value ofy is reachett second, this maximum value gfis ob- THROUGHPUT-BASED VS. ENERGY-BASED

3Note that profiles A—C are taken from [8], while the two adifiil profiles D We provide in this section closed-form expressions for the
and E are used to represent interfaces with the same trasismind reception optimal transmission probability, depending on the optimiza-

power as of C, but dlﬁerent power consumption When idling-argue that this tion objective: throughput maximization in Section Ill-And
is the parameter most likely to change in modern interfaces.

4Note that, for the considere@V,,;, values andN = 10 stations, the €NErgy optimization in Section Ill-B. Note that, to derivean-

efficiency of all interfaces but A shows a relatively flat figurHowever, for
larger CWp,,in, values the efficiency would still drop t0, as stations would spend most of the time in backoff counter decrements.
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figuration rule, if we seCW,,,;,, = CWinae, the transmission  And then compute the value that maximizes the above by
probabilityr is related to the size of the contention wind6W/ dn

to be used as follows I 0
T

ow =24 This leads to
T (N—D)7r*T" +(1—7)"R' + NTR—R=0
and therefore it would be immediate, for an Access Pointénpl . . n
menting the EDCA mechanism of the IEEE 802.11e standard,By the following Taylor expansion qfl —7)
to broadca_\st th_é'W value to use once computed the optimal (1-)N ~1—nr+ EN(N — 1)
value as given in the next sections. 2
We have the following equation
A. THROUGHPUT MAXIMIZATION
When optimizing throughput, it is well known that
CSMA/CA algorithms have an optimal transmission probabivhere 1
ity that depends on the network load, in terms of traffic gener a=(N-1)T"+=-N(N-1)R
ated and number of contending stations. For the case of satu- 2

ar? +br+¢=0

rated IEEE 802.11 WLANS, Bianchi [1] analytical derived the b=NE
optimal transmission probability that maximizes throughput, c=-R
where throughput is computed as the average payload trensmi|f we now definen. and3 as follows
ted in a slot time over the average slot duration, i.e., T R
Y =5 =%
T Then we have the following for the computationmof
whereL is the frame sizep, is the probability that a slot con- =N+ /N2+4(N-1)a+2N(N -1)3

. . . . T, =
tains a successful transmission d@hgl,; is the average slot du- ¢

ration (note that these two probabilities were already aatexqb
in the previous section).

This optimization is done by deriving the above with respect 1 /2 1 |2pT.
to 7, and solving a second-grade equation resulting from the Te & ~NV3 ~ N\ T, ()
approximationr < 1. This results in the following approximate
value for the optimal transmission probability that maxies We validate this expression for the interfaces of Table 1 and

2(N-1)a+ N(N-1)p
Which can be approximated as follows

throughput, which we denote by different values ofV in Table 3. To this aim, we compute the
CW value that provides the best performaini¢#/, ., the CW
1 /2T, value derived from the use of (5);W.., ¢, and the energy effi-
e & NV T, (4) ciency resulting from each casg,. andr... ¢, respectively.

For all scenarios considered, the resultirg” values are rel-
: ) ; X atively close, although for larg¥ values there is a larger differ-
stationsV, but also_on the relative size of an empt_y tl_meQ_FQt ence because of the largéi? values needed. Still, the result-
as compared to a timeslot that contains a transmisBioThis i yajyes of; are almost identical in all cases, a result caused
way, apart from the number- of stations, the ratio between tbgqthe “flatness” ofj in the region close to the maximum value.
timeslot lengths sets the optimal tradeoff betweenci® of 8 £y, yhe results of the table, we conclude that indeed (5) pro

cpllision and the:gst of idlipg. Indeed, this is the motivatio_n be-yides the most energy-efficient configuration to use in a WLAN
hind some adaptive algorithms (e.g. Idle Sense [3]) thadkrpl 1 oym up, the optimal value of for this case depends not

the amount of time wasted in collisions with the amount o®lim, 1 oy the relative size of the timeslots, like in the case of
waiting in backoff decrements. . throughput maximization, but also on the relative power-con

Hovyever, be_ca_usa does _not t"’.‘ke |_nto account ENergy CoNsymed when receiving or idling. This way, fold interfaces
.S””?p“o'”* for similar scenarios W'th different WL,AN intades where idling and receiving consumes approximately the same
it will provide the same configuration far W, while we have value (e.g., interface A of Table 1) the formula of Bianclili st

seen in Fig. 3 that the optimal CW value indeed depends on {85 \hile fomew interfaces where the cost of idling is smaller
energy consumption of the WLAN interfaces. This relatlopsh(e_g_’ interface C), th€1W,..,, value to use is larger than the one
is what we analyze next. obtained with (4). Actually, if we divide (4) by (5), the réian

B. ENERGY OPTIMIZATION betweenr; andr, is given by the ratio of the power consump-

o N o tion of the interface when receiving a frame over the power co
To compute the transmission probability that optimizes thgmption when idling, i.e.,

consumption of energy. we start from the expression gfwith

Note that this optimal value of depends on the number of

-
the approximation foé T—t =/ pr/pi
e
. r(1—7)N-1L a relation that we will further analyze and discuss in thetnex

= R+ 7T — (1 _ 7.)NR/ Section.
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Table 3. Comparison between the exhaustive search and the
configuration algorithm in kbits/J

Card | N CWem CWconf Nex Tlconf
A 5 64 65| 1.0317| 1.0316
10 132 131 | 0.5204| 0.5204
20 285 262 | 0.2613| 0.2614
B 5 166 178 | 2.5325| 2.5323
10 332 357 | 1.3285| 1.3284
20 666 715 | 0.6811| 0.6811
C| 5 181 193 | 1.7311| 1.7310
10 399 388 | 0.9196| 0.9197
20 665 777 | 0.4747| 0.4748
D 5 132 132 | 1.6906| 1.6906
10 249 266 | 0.8967| 0.8967
20 499 533 | 0.4626| 0.4626
E| 5 249 266 | 1.7544| 1.7543
10 499 533 | 0.9329| 0.9329
20 999 1066 | 0.4819| 0.4818
1.6
= 141

10"

Throughput (Mbps)

10"

Fig. 5. Energy efficiency and Throughput vs 7

IV. ENERGY-CONSUMPTION MINIMIZATION VS.

THROUGHPUT MAXIMIZATION
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Fig. 6. Resulting CW configuration from each approach

N. From the figure is obvious to see that, while the through-
put maximization provides the sand&V for a given number

of stations, the optimal’I¥ for energy efficiency depends no-
ticeably on the power characteristics of the WLAN interfalte
can be seen that, the larger the/ p; ratio, the larger th&€'W,

as collisions have a larger cost and therefore it is moreieffic

to spend more time on the backoff, instead of taking the rfsk o
transmitting and suffering from an energy-consuming siah
that is unproductive in terms of throughput maximization.

We next compare against the performance of the throughput
optimization and the energy optimization approaches. i® th
aim, we first compare them in terms of energy efficiency in
Fig. 7, with a zoomed version provided in Fig. 8 (for a more
complete comparison, we also include the performance of the
default DCF configuration).

From the figures, is clear that both throughput and energy op-
timizing approaches substantially outperform the DCF wléfa
configuration in terms of energy efficiency, the later pravid
the best results: while for the case of interface A of Tablkel t
differences are negligible, for the rest of the cases thein-i
deed an improvement when usinginstead ofr,. Apart from
this improvement, that seems to depend on the absplui@lue,

Throughput maximization and energy efficiency optimizatiothere is another result worth highlighting: despite theiltasy
aim at different objectives. To illustrate this, we plotiigF the CW,,;, configuration for interfaces C, D and E is different, as

throughput and energy efficiency achieved for the cas¥ of

shown in Figure 6, the obtainedvalues are very similar as seen

10, with the interface C of Table 1, and using different values Fig. 8. This is because, even for an ideal case with no-colli
of the transmission probability. Note that the value of that sions or idling, thep; andp, values are the same for the three
achieves optimal throughput is approximately 0.006, wtiile interfaces.
value that maximizes energy efficiency is around 0.020. If we We next analyze the throughput performance provided by
divide these, the ratio is approximately the one obtaingd thie each configuration. To this aim, we plot in Fig. 9 the total
square root of the relative power consumption given in Tablethroughput in the WLAN for different values af. It is clear
i.e.,\/pr/pi = V10 ~ 3.16.
We have therefore proved that there is a different configuxpected, these being very close to the ones provided by the
tion for CW,,;, depending on the variable (i.e. throughput omaximum energy efficiency configuration when using intexfac
energy) to optimize. We next compare the resulting configur& of Table 1 (because of the relative values of thparame-
tion obtained when maximizing throughput and when maximiters). However, for the rest of the interfaces, indeed tliere
ing energy efficiency. To this end, in Fig. 6 we show the resulh price to pay in terms of throughput when optimizing energy
ing configuration ofCW for each maximization variable, for consumption, this price being larger the larger the rgtio. / p;
the interfaces of Table 1 and an increasing number of s&tids. Indeed, with an increasing value of this ratio tH&V,,,;,

that the use of; provides the largest values of throughput, as
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Fig. 9. Throughput performance of each approach. We show all energy

Fig. 7. Energy efficiency of each approach profiles from Table 1
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Fig. 10. Trade-off imposed by the energy features of the WLAN inter-
faces

Fig. 8. Zoomed version of Fig. 7, for N € {12,20}

of each approach diverge, as explained in the pre\/ioug)g;ectimaximized. However, our results show also that, for exgstin
and therefore throughput and energy will not constitutesirae  WLAN interfaces, this is not always the case.
maximization objective. Actually, the throughput obtaineith This finding is summarized in Fig. 10. In this figure, we plot
the B, C, D and E interfaces is smaller than the one provided foy the case ofV = 10 the resulting values of the energy effi-
DCF for the smaller values d¥. From a certain number of sta-ciency (in the x-axis) and throughput (in the y-axis) forgdls-
tions on, however, the energy-optimized approach alsdtseswsible configurations of'W,,,;,,, and all the interfaces of Table 1.
in better throughput compared to the DCF configuration (heta the figure, we mark with a star the point of maximum through-
N > 10 for interface D,N > 16 for interface B, andV > 18 put performance, and with a circle the point of maximum eperg
for interface C). Please note, though, that for the casesewvhefficient. This figure provides valuable insights on the obse
the DCF configuration outperforms the energy-optimized cohehavior:
figuration in terms of throughput, this DCF configurationses! , For the case of interface A, given its relatively similarues
significantly higher energy costs due to the different valaE of power consumptiop,, p, andp;, both energy and through-
energy spent in collisions and backoff counter decrements. put can be jointly maximized, given the “linear” shape of the
Therefore, these results confirm that there is a tradeoff lresulting curve.
tween energy and throughput maximization, which depends ér-or the cases of interfaces B, C and D, the largerdhe;
the characteristics of the WLAN interface. Indeed, for some ratio, the more separate the optimum values are and theriser
tios of power consumption we have the same result of [111, tHaigher the price to pay in throughput when optimizing energy
both throughput and energy efficiency can be simultaneou¢and vice-versa).
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« Lastly, all curves are vertically aligned, because of the ug] M. Ergen and P. Varaiya, Decomposition of Energy Constiongn IEEE

of the physical |ayer parameters of 802.%.1However. their 802.11, in Communications, 2007. ICC '07. IEEE Internagio@onfer-
' ence on, June 2007, pp. 403—-408.

p0§iti0n in the X'a_XiS .iS not tied to the parameter or the,. /p; [71 L. Feeney and M. Nilsson, Investigating the Energy Congtion of a
ratio, but instead is given by the other valuegpof Wireless Network Interface in an Ad Hoc Networking Enviraamy in

P . Proceedings of IEEE INFOCOM '01, May 2001.
This f_|nd|ng backs our above an_aIy3|s and demons_,trates tf@g}t, V. Baiamonte and C.-F. Chiasserini, Saving Energy Dyi@hannel Con-
depending on the power characteristics of the WLAN inter§ac tention in 802.11 WLANSs, Mob. Netw. Appl., vol. 11, no. 2, #87-296,
gains w.r.t. energy are achievable if a energy-optimizedige 2006.

uration is chosen over a throuahput-ontimized one [9] J.-C. Chen and K.-W. Cheng, EDCA/CA: Enhancement of IEHBR2.11e
gnp p . EDCA by Contention Adaption for Energy Efficiency, Wirele8smmu-

nications, IEEE Transactions on, vol. 7, no. 8, pp. 2866028Wgust

2008.
V. CONCLUSIONS [10] C. Wang, B. Li, and L. Li, A New Collision Resolution Meahism to

; ; ; Enhance the Performance of IEEE 802.11 DCF, Vehicular Taoly,
While the energy consumption was only considered a key IEEE Transactions on. vol. 53, no. 4, pp. 1235-1246. Julyi200 ay.

performance figure in very specific environments (€.g., ®N$11] R. Bruno, M. Conti, and E. Gregori, Optimization of Eféacy and En-
networks), greening the communication protocols is nowada  ergy Consumption in p-Persistent CSMA-based Wireless LAMsbile

recognized as a primary design goal of future global netwogle, "Gl o xeoncha. and A Azcorra, A Throughput ambp Model
infrastructures. This design goal requires switching frtma for IEEE 802.11e EDCA Under Non Saturation, Wirel. Pers. Gam.,
formation per unit of time” measurements to “informatiorr pe  vol. 43, no. 2, pp. 467-479, 2007.

unit of energy”. However, for the case of 802.11 WLANS, en-

ergy optimization has been typically addressed througlusiee

of ad-hoc sleeping heuristics, and not from the behaviohef t
CSMA/CA access mechanism.

The contribution of this paper is three-fold. First, we havis
revisited previous 802.11 performance analyses to denapa ||
proximate model, analytically tractable, of the energystonp-
tion of a 802.11 WLAN. Second, based on this approxima
model, we have derived the optimal configuration to use to o
timize ene.rgy performance. Thqu, based on this Conflgﬂmtl der a José Castillejo grant. He has over 30 scientific
we have discussed under which circumstances energy efficie B papers in peer-reviewed international journal and con-

and throughput can be jointly maximized, and when they cofgrences. He also serves as TPC member of several interaktionferences,
stitute different objectives including IEEE Globecom and IEEE INFOCOM.
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