
240 JOURNAL OF COMMUNICATIONS AND NETWORKS, VOL. X, NO. X, MONTHYEAR

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
of wireless devices is critical to maximize the network lifetime and
to provide guidelines for the design of new protocols and interfaces.
In this work we first provide an accurate analysis of the energy per-
formance of an IEEE 802.11 WLAN, and then we derive the config-
uration to optimize it. We further analyze the impact of the energy
configuration of the stations on the throughput performance, and
we discuss under which circumstances throughput and energyef-
ficiency can be both jointly maximized and where they constitute
different challenges. Our findings are that, although an energy-
optimized configuration typically yields gains in terms of through-
put as compared against the default configuration, it comes with
a reduction in performance as compared against the maximum-
bandwidth configuration, a reduction that depends on the energy
parameters of the wireless interface.

Index Terms: Energy efficiency, energy optimization, IEEE 802.11,
throughput optimization

I. INTRODUCTION

Information and communication technology (ICT) holds one
of the keys to the reduction of greenhouse gases produced
worldwide. However, increasing the energy efficiency of com-
puting as well as networking can also significantly reduce the
consumption of energy in the ICT sector itself. The importance
of “greening the Internet” is thus recognized as a primary de-
sign goal of future global network infrastructures. It is estimated
that, today, the Internet already accounts for about 2% of total
world energy consumption, and with the current trend of shift-
ing offline services online, this percentage is expected to grow
significantly in the next years. The energy consumption is tobe
further fueled by the forthcoming Internet-based platforms that
require always-on connectivity.

However, communication protocols, and in particular the
technologies used in the access network, have been origi-
nally conceived to optimize metrics other than energy, suchas
throughput or delay.Greening these protocols thus represents a
shift in the design paradigm, where energy instead of time isthe
most critical network resource. We no longer want to maximize
the bits sent per time unit, but instead the bits the network can
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send per each joule consumed. Still, it is intuitively clearthat
this will not come for free, and there might be a price to pay in
terms of throughput performance when developing sustainable
and energy efficient architectures.

In this paper we assess to which extent the (old) throughput
maximization and the (new) energy-efficiency maximizationob-
jectives diverge, for the case of IEEE 802.11 WLANs. Previous
work has solved the configuration of WLANs for throughput
maximization, starting from the statical approaches of e.g. [1,2]
and including later adaptive approaches to maximize the bits per
second sent e.g. [3, 4]. However, from the point of view of en-
ergy consumption, most of the research so far has addressed the
analytical or experimental characterization of the energycon-
sumption of the WLAN [5–7], which is typically divided in
three states: transmission, reception and idle-state (seeTable 1
for the energy consumption of selected wireless network cards
as well as two synthetic energy profiles to explore the parameter
space for future wireless network cards). There has been also
some proposals for energy efficiency optimization (e.g. [8–10]),
typically based on heuristics and sometimes requiring changes
to the MAC layer. However, these approaches did not discuss
nor assess the extent to which the objective of energy optimiza-
tion significantly differed from theclassical throughput maxi-
mization objective.

To the best of our knowledge, only Bruno et al. [11] have con-
sidered the relation between throughput and energy and have
discussed whether these could be both jointly maximized or
not. However, their model consisted of ap-persistent CSMA-
based WLAN, where interfaces only consumed energy in two
states (transmission and reception), instead of the three states
described above, i.e., they neglected the energy consumed dur-
ing the idle state. In their model, consisting of a p-persistent
CSMA-based WLAN where interfaces only consumed energy
in two states (transmission and reception), it was shown that
energy efficiency and throughput do not constitute different ob-
jectives and can jointly maximized. In this paper, where we im-
prove the accuracy of the energy consumption model, we prove
that this is not always the case.

The rest of the paper is organized as follows. In Section II
we present and validate an analytical model of the energy con-
sumption of a WLAN. We further introduce a newapproximate
model that trades off model accuracy for the sake of simplicity
(nevertheless, as shown in the validation part, this reduction of
accuracy is negligible, in particular in the region of optimal per-
formance). Section III presents the two approaches for perfor-
mance maximization: the throughput-basedapproach of Bianchi
[1], and our energy-based approach that builds upon the approx-
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Table 1. Power consumption in Watts for different wireless interfaces

(as reported in [8] and extended for synthetic power profiles)

# Card ρt ρr ρi ρr/ρi

A Lucent WaveLan 1.650 1.400 1.150 1.22
B SoketCom CF 0.924 0.594 0.066 9.00
C Intel PRO 2200 1.450 0.850 0.080 10.63
D Synthetic 1 1.450 0.850 0.170 5.00
E Synthetic 2 1.450 0.850 0.043 20.00

imate analysis to derive a closed-form expression for the optimal
transmission probability. In Section IV we compare the result-
ing configuration and performance from each approach, and dis-
cuss in which circumstances energy and throughput constitute
different maximization objectives. Finally, Section V concludes
the paper.

II. ENERGY CONSUMPTION ANALYSIS

Our analytical model for the energy consumption of a WLAN
requires the following input parameters:N , the number of
stations in the WLAN;CWmin, defined as the minimum
contention window stations use on their first attempt; and
{ρt, ρr, ρi}, defined as the power consumed by the wireless in-
terfaces when transmitting, receiving and idling, respectively.
We assume all stations have always a packet of fixed lengthL
ready for transmission1, i.e., the network operates under satu-
ration conditions, and that the sole reason for frame loss isa
collision (where two or more stations transmit simultaneously).
We further assume that each station randomly selects the desti-
nation for each frame out of the otherN − 1 stations.

A. MODEL

With the assumption that each transmission attempt collides
with a constant and independent probability, we can model the
behavior of a station with the same Markov chain used in [1].
Then, the probability that a station operating under saturation
conditions transmits upon a backoff counter decrementτ can be
computed by means of the following equation given by [1]

τ =
2

1 + CWmin + pCWmin

∑m−1

i=0
(2p)i

wherep is the probability that a transmission attempt of a station
collides. This probability can be computed as

p = 1 − (1 − τ)N−1

The above constitutes a system of two non-linear equations
that can be solved numerically, giving the value forτ . With this,
we next proceed to compute the energy per slot consumed by a
station, which we denote bye.

We computee by applying the total probability theorem as
follows:

e =
∑

j∈Θ

E(j)p(j) (1)

1Note that, following our analysis of [12], the model could beextended to
account for variable packet sizes.

whereΘ is the set of events that can take place in a single times-
lot2, while E(j) andp(j) are the energy consumed in case of
eventj and its probability, respectively. The setΘ of events, as
well as their probabilities, is listed as follows:
• The slot is empty,pe

• There is a success from the considered station,ps,i

• There is a success from another station,ps,¬i

• There is a collision and the considered station is involved,pc,i

• There is a collision but the considered station is not involved,
pc,¬i

This way we can expand (1) as follows:

e = peρiTe +

+ ps,i(ρtTs + ρrTack + ρi(SIFS + DIFS)) +

+ ps,¬i

[

ρrTs +
1

N − 1
(ρtTack) +

+
N − 2

N − 1
(ρrTack) + ρi(SIFS + DIFS)

]

+

+ pc,i(ρtTs + ρiEIFS) + pc,¬i(ρrTs + ρiEIFS)

whereTe, Ts, andTack are the durations of an empty slot, a
successful transmission and the transmission of an acknowledg-
ment, whileSIFS, DIFS, andEIFS are physical constants
(for the computation of these values, see e.g. [1]).

The probability of each event can be easily computed based
on the probability of a transmissionτ as follows

pe = (1 − τ)N

ps = Nτ(1 − τ)N−1

ps,i = τ(1 − τ)N−1

ps,¬i = ps − ps,i

pc = 1 − pe − ps

pc,i = τ(1 − (1 − τ)N−1)

pc,¬i = pc − pc,i

However, note that the full expression of (1) consists of a sum
of several terms that non-linearly depends onτ . In order to de-
rive the value ofτ that provides the best energy performance,
we introduce the following simplified expression fore, which
we denote bŷe

ê = (1 − τ)NρiTe + τρtTs + (1 − τ)
(

1 − (1 − τ)N−1
)

ρrTs

This way, we have simplified the setΘ of events by consider-
ing only three cases:
1. nobody transmits,
2. the station transmits (without the distinction if there is a col-
lision or a success), and
3. some other station transmits (again, no matter if there isa
success of a collision).

The above can be expressed as:

ê = R + τ(T − R) − (1 − τ)N (R − E)

2A timeslot is defined as the amount of time between two backoffcounter
decrements of a station, see [1].
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Fig. 1. Power consumption for the energy profiles A, B and C from
Table 1

whereE = ρiTe, T = ρtTs, andR = ρrTs. We further write
T ′ = T − R andR′ = R − E, therefore:

ê = R + τT ′ − (1 − τ)NR′ (2)

With the above, the power consumptionπ can be derived by
dividing the average energy consumed per slot time over the av-
erage duration of a slot, i.e.,

π =
e

Tslot

whereTslot is given by

Tslot = peTe + (1 − ps − pc)Ts

Finally, we define the energy efficiencyη as the ratio between
the bits transmitted and the energy consumed in a timeslot:

η =
ps,iL

e
(3)

B. VALIDATION

We first compare the accuracy of the exact and approximate
models fore andê against results obtained via simulation. Sim-
ulations are performed with an event-driven simulator devel-
oped by us, that closely follows the 802.11 DCF protocol de-
tails for each independently transmitting station, takingas input
the number of stationsN and the set of{ρ} parameters to use,
and provides as output the total throughput and power consumed
in the WLAN. We compare the energy consumed per secondπ
for the three selected power consumption sets A, B and C listed
in Table 1 for different values ofN and the default DCF con-
figuration (note that we do not show the results from synthetic
interfaces in Figs.1–3 and Table 2 for ease of interpretation of
the plots, these will be considered in the energy optimization
below). We model the physical layer with the parameters of the
IEEE 802.11b standard. Results are shown in Fig. 1.

From the results, it is clear that the detailed analytical model
e provides values that almost coincide with those derived from
simulations, while the approximate modelê follows very closely

Table 2. Power consumption per interface for different wireless

interfaces

Card CWmin N Sim (W) Model (W) Error (%)
A 8 5 1.4237 1.4263 0.1843

10 1.4042 1.4086 0.3082
20 1.3927 1.3987 0.4311

32 5 1.4237 1.4263 0.1843
10 1.4042 1.4086 0.3082
20 1.3927 1.3987 0.4311

128 5 1.4237 1.4263 0.1843
10 1.4042 1.4086 0.3082
20 1.3927 1.3987 0.4311

B 8 5 0.6054 0.6107 0.8713
10 0.5821 0.5910 1.5224
20 0.5675 0.5800 2.1971

32 5 0.6054 0.6107 0.8713
10 0.5821 0.5910 1.5224
20 0.5675 0.5800 2.1971

128 5 0.6054 0.6107 0.8713
10 0.5821 0.5910 1.5224
20 0.5675 0.5800 2.1971

C 8 5 0.8898 0.8977 0.8826
10 0.8452 0.8583 1.5488
20 0.8181 0.8364 2.2384

32 5 0.8898 0.8977 0.8826
10 0.8452 0.8583 1.5488
20 0.8181 0.8364 2.2384

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

the behavior of the WLAN but slightly overestimating the en-
ergy consumed for large values ofN . This overestimation is
caused because, in the simplified model, transmission attempts
are assumed successful in all cases, which requires more energy
(because an acknowledgment has to be sent and received) than
collisions.

We further validate the accuracy of the approximate model
for a wider range ofCWmin andN values, for the interfaces
A, B, and C of Table 1. Results are shown in Table 2. We note
that the relative error is well below 5% in all cases, and onlyap-
proximates 2.5% when the number of stations is relatively large
(N = 20), due to the overestimation of the energy wasted during
collisions.

We take advantage of the accurate analytical model to fur-
ther explore the energy consumption of the WLAN, identifying
where the energy consumption is rooted. To this aim, we ob-
tain the relative amount of energy wasted during empty slotsor
collisions for a varying number of stations, with the results of
Fig. 2 for interfaces A and C of Table 1.

It can be seen from the figure that, asN increases, so do colli-
sions and more and more energy is wasted in unsuccessful trans-
missions. On the other hand, for the case of interface A, whenN
is relatively small (N ≤ 4) more than 5% of the energy is spend
in backoff counter decrements during empty timeslots, a result
caused by the overly large values ofCWmin for these number of
stations. However, note that while this energy wasted in idling is
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Fig. 2. Relative energy devoted to collisions and idling for the selected
energy profiles A and C from Table 1

non-negligible for the case of interface A (in fact, is larger than
the energy wasted in collisions), for the case of C this is never
the case: the relative energy wasted in idling never reaches1%.

This behavior can be intuitively explained if we consider that
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, for the case of
interface C, the relative small duration of an empty timeslot is
further multiplied byρi, which is an order of magnitude below
ρr andρt and results in a negligible contribution to the total en-
ergy consumption. For the case of interface A, as the ratioρr/ρi

is not that large, the energy wasted in idling can be comparedto
the energy wasted during collisions for small values ofN .

Next we compare the efficiencyη for three different WLAN
scenarios (one for each of the first three interfaces of Table1)
and the standard recommended configuration ofCWmin. To
this aim, we plot in Fig. 3 the value ofη given by simulations
against the ones provided by the accurate analytical model of
(3), and the simplified model, i.e., using (3) but substituting e
with ê.

From the figure, is evident that the default recommendation
shows an efficiencyη that rapidly decreases with the number of
stationsN , a result expected because of the increasing number
of collisions. To analyze the impact of theCWmin value used
on η, in Fig. 4 we plot the energy efficiency of the WLAN for
different values of the initial contention window, using the five
energy profiles of Table 13. We show results from the simula-
tions and using our approximated modelê, and we also mark
with a triangle the maximum value ofη obtained.

From the figure, we can see two main results: first, the model
is very accurate, in particular in the region where the maximum
value ofη is reached4; second, this maximum value ofη is ob-

3Note that profiles A–C are taken from [8], while the two additional profiles D
and E are used to represent interfaces with the same transmission and reception
power as of C, but different power consumption when idling–we argue that this
is the parameter most likely to change in modern interfaces.

4Note that, for the consideredCWmin values andN = 10 stations, the
efficiency of all interfaces but A shows a relatively flat figure. However, for
larger CWmin values the efficiency would still drop to0, as stations would
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Fig. 4. Energy efficiency of the WLAN for N = 10 stations and the
interfaces of Table 1

tained for differentCWmin values, depending on the WLAN
interface considered. Note that this observation is aligned with
the results obtained in Fig. 2, where the relative costs of idling
and colliding are multiplied by different values dependingon
the interface. This way, theCWmin value that achieves best
performance is larger when theρi value is relatively smaller,
as colliding is riskier than using larger values of the contention
window. This relation between the power consumption param-
eters and the optimal value ofCWmin is analyzed in the next
section.

III. CONFIGURATION OF 802.11:
THROUGHPUT-BASED VS. ENERGY-BASED

We provide in this section closed-form expressions for the
optimal transmission probabilityτ , depending on the optimiza-
tion objective: throughput maximization in Section III-A,and
energy optimization in Section III-B. Note that, to derive acon-

spend most of the time in backoff counter decrements.



244 JOURNAL OF COMMUNICATIONS AND NETWORKS, VOL. X, NO. X, MONTHYEAR

figuration rule, if we setCWmin = CWmax, the transmission
probabilityτ is related to the size of the contention windowCW
to be used as follows

CW =
2

τ
− 1

and therefore it would be immediate, for an Access Point imple-
menting the EDCA mechanism of the IEEE 802.11e standard,
to broadcast theCW value to use once computed the optimalτ
value as given in the next sections.

A. THROUGHPUT MAXIMIZATION

When optimizing throughput, it is well known that
CSMA/CA algorithms have an optimal transmission probabil-
ity that depends on the network load, in terms of traffic gener-
ated and number of contending stations. For the case of satu-
rated IEEE 802.11 WLANs, Bianchi [1] analytical derived the
optimal transmission probabilityτ that maximizes throughput,
where throughput is computed as the average payload transmit-
ted in a slot time over the average slot duration, i.e.,

R =
psL

Tslot

whereL is the frame size,ps is the probability that a slot con-
tains a successful transmission andTslot is the average slot du-
ration (note that these two probabilities were already computed
in the previous section).

This optimization is done by deriving the above with respect
to τ , and solving a second-grade equation resulting from the
approximationτ ≪ 1. This results in the following approximate
value for the optimal transmission probability that maximizes
throughput, which we denote byτt

τt ≈
1

N

√

2Te

Ts

(4)

Note that this optimal value ofτ depends on the number of
stationsN , but also on the relative size of an empty timeslotTe

as compared to a timeslot that contains a transmissionTs. This
way, apart from the number of stations, the ratio between the
timeslot lengths sets the optimal tradeoff between thecost of a
collision and thecost of idling. Indeed, this is the motivation be-
hind some adaptive algorithms (e.g. Idle Sense [3]) that equalize
the amount of time wasted in collisions with the amount of time
waiting in backoff decrements.

However, becauseτt does not take into account energy con-
sumption, for similar scenarios with different WLAN interfaces
it will provide the same configuration forCW , while we have
seen in Fig. 3 that the optimal CW value indeed depends on the
energy consumption of the WLAN interfaces. This relationship
is what we analyze next.

B. ENERGY OPTIMIZATION

To compute the transmission probability that optimizes the
consumption of energyτe we start from the expression ofη with
the approximation for̂e

η =
τ(1 − τ)N−1L

R + τT ′ − (1 − τ)NR′

And then compute theτ value that maximizes the above by

dη

dτ
= 0

This leads to

(N − 1)τ2T ′ + (1 − τ)NR′ + NτR − R = 0

By the following Taylor expansion of(1 − τ)n

(1 − τ)N ≈ 1 − nτ +
1

2
N(N − 1)τ2

We have the following equation

aτ2 + bτ + c = 0

where

a = (N − 1)T ′ +
1

2
N(N − 1)R′

b = NE

c = −R

If we now defineα andβ as follows

α =
T ′

E
, β =

R′

E

Then we have the following for the computation ofτe:

τe =
−N +

√

N2 + 4(N − 1)α + 2N(N − 1)β

2(N − 1)α + N(N − 1)β

Which can be approximated as follows

τe ≈ 1

N

√

2

β
≈ 1

N

√

2ρiTe

ρrTs

(5)

We validate this expression for the interfaces of Table 1 and
different values ofN in Table 3. To this aim, we compute the
CW value that provides the best performanceCWex, theCW
value derived from the use of (5),CWconf , and the energy effi-
ciency resulting from each case,ηex andηconf , respectively.

For all scenarios considered, the resultingCW values are rel-
atively close, although for largeN values there is a larger differ-
ence because of the largerCW values needed. Still, the result-
ing values ofη are almost identical in all cases, a result caused
by the “flatness” ofη in the region close to the maximum value.
From the results of the table, we conclude that indeed (5) pro-
vides the most energy-efficient configuration to use in a WLAN.

To sum up, the optimal value ofτ for this case depends not
only on the relative size of the timeslots, like in the case of
throughput maximization, but also on the relative power con-
sumed when receiving or idling. This way, forold interfaces
where idling and receiving consumes approximately the same
value (e.g., interface A of Table 1) the formula of Bianchi still
holds, while fornew interfaces where the cost of idling is smaller
(e.g., interface C), theCWmin value to use is larger than the one
obtained with (4). Actually, if we divide (4) by (5), the relation
betweenτt andτe is given by the ratio of the power consump-
tion of the interface when receiving a frame over the power con-
sumption when idling, i.e.,

τt

τe

=
√

ρr/ρi

a relation that we will further analyze and discuss in the next
Section.
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Table 3. Comparison between the exhaustive search and the

configuration algorithm in kbits/J

Card N CWex CWconf ηex ηconf

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
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Fig. 5. Energy efficiency and Throughput vs τ

IV. ENERGY-CONSUMPTION MINIMIZATION VS.
THROUGHPUT MAXIMIZATION

Throughput maximization and energy efficiency optimization
aim at different objectives. To illustrate this, we plot in Fig. 5 the
throughput and energy efficiency achieved for the case ofN =
10, with the interface C of Table 1, and using different values
of the transmission probabilityτ . Note that the value ofτ that
achieves optimal throughput is approximately 0.006, whilethe
value that maximizes energy efficiency is around 0.020. If we
divide these, the ratio is approximately the one obtained with the
square root of the relative power consumption given in Table1,
i.e.,

√

ρr/ρi =
√

10 ≈ 3.16.
We have therefore proved that there is a different configura-

tion for CWmin depending on the variable (i.e. throughput or
energy) to optimize. We next compare the resulting configura-
tion obtained when maximizing throughput and when maximiz-
ing energy efficiency. To this end, in Fig. 6 we show the result-
ing configuration ofCW for each maximization variable, for
the interfaces of Table 1 and an increasing number of stations
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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 sameCW for a given number
of stations, the optimalCW for energy efficiency depends no-
ticeably on the power characteristics of the WLAN interface. It
can be seen that, the larger theρr/ρi ratio, the larger theCW ,
as collisions have a larger cost and therefore it is more efficient
to spend more time on the backoff, instead of taking the risk of
transmitting and suffering from an energy-consuming collision
that is unproductive in terms of throughput maximization.

We next compare against the performance of the throughput
optimization and the energy optimization approaches. To this
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 default
configuration in terms of energy efficiency, the later providing
the best results: while for the case of interface A of Table 1 the
differences are negligible, for the rest of the cases there is in-
deed an improvement when usingτe instead ofτt. Apart from
this improvement, that seems to depend on the absoluteρr value,
there is another result worth highlighting: despite the resulting
CWmin configuration for interfaces C, D and E is different, as
shown in Figure 6, the obtainedη values are very similar as seen
in Fig. 8. This is because, even for an ideal case with no colli-
sions or idling, theρt andρr values are the same for the three
interfaces.

We next analyze the throughput performance provided by
each configuration. To this aim, we plot in Fig. 9 the total
throughput in the WLAN for different values ofN . It is clear
that the use ofτt provides the largest values of throughput, as
expected, these being very close to the ones provided by the
maximum energy efficiency configuration when using interface
A of Table 1 (because of the relative values of theρ parame-
ters). However, for the rest of the interfaces, indeed thereis
a price to pay in terms of throughput when optimizing energy
consumption, this price being larger the larger the ratio

√

ρr/ρi

is. Indeed, with an increasing value of this ratio theCWmin
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Fig. 7. Energy efficiency of each approach
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Fig. 8. Zoomed version of Fig. 7, for N ∈ {12, 20}

of each approach diverge, as explained in the previous section,
and therefore throughput and energy will not constitute thesame
maximization objective. Actually, the throughput obtained with
the B, C, D and E interfaces is smaller than the one provided by
DCF for the smaller values ofN . From a certain number of sta-
tions on, however, the energy-optimized approach also results
in better throughput compared to the DCF configuration (here:
N ≥ 10 for interface D,N ≥ 16 for interface B, andN ≥ 18
for interface C). Please note, though, that for the cases where
the DCF configuration outperforms the energy-optimized con-
figuration in terms of throughput, this DCF configuration causes
significantly higher energy costs due to the different values of
energy spent in collisions and backoff counter decrements.

Therefore, these results confirm that there is a tradeoff be-
tween energy and throughput maximization, which depends on
the characteristics of the WLAN interface. Indeed, for somera-
tios of power consumption we have the same result of [11], that
both throughput and energy efficiency can be simultaneously
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Fig. 9. Throughput performance of each approach. We show all energy
profiles from Table 1
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maximized. However, our results show also that, for existing
WLAN interfaces, this is not always the case.

This finding is summarized in Fig. 10. In this figure, we plot
for the case ofN = 10 the resulting values of the energy effi-
ciency (in the x-axis) and throughput (in the y-axis) for allpos-
sible configurations ofCWmin, and all the interfaces of Table 1.
In the figure, we mark with a star the point of maximum through-
put performance, and with a circle the point of maximum energy
efficient. This figure provides valuable insights on the observed
behavior:

• For the case of interface A, given its relatively similar values
of power consumptionρt, ρr andρi, both energy and through-
put can be jointly maximized, given the “linear” shape of the
resulting curve.
• For the cases of interfaces B, C and D, the larger theρr/ρi

ratio, the more separate the optimum values are and therefore the
higher the price to pay in throughput when optimizing energy
(and vice-versa).
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• Lastly, all curves are vertically aligned, because of the use
of the physical layer parameters of 802.11b5. However, their
position in the x-axis is not tied to theρi parameter or theρr/ρi

ratio, but instead is given by the other values ofρ.
This finding backs our above analysis and demonstrates that,

depending on the power characteristics of the WLAN interfaces,
gains w.r.t. energy are achievable if a energy-optimized config-
uration is chosen over a throughput-optimized one.

V. CONCLUSIONS

While the energy consumption was only considered a key
performance figure in very specific environments (e.g., sensor
networks), greening the communication protocols is nowadays
recognized as a primary design goal of future global network
infrastructures. This design goal requires switching from“in-
formation per unit of time” measurements to “information per
unit of energy”. However, for the case of 802.11 WLANs, en-
ergy optimization has been typically addressed through theuse
of ad-hoc sleeping heuristics, and not from the behavior of the
CSMA/CA access mechanism.

The contribution of this paper is three-fold. First, we have
revisited previous 802.11 performance analyses to derive an ap-
proximate model, analytically tractable, of the energy consump-
tion of a 802.11 WLAN. Second, based on this approximate
model, we have derived the optimal configuration to use to op-
timize energy performance. Third, based on this configuration
we have discussed under which circumstances energy efficiency
and throughput can be jointly maximized, and when they con-
stitute different objectives.
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