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Abstract

This paper focuses on energy saving in 802.11-based
WLANs. Typically, 802.11 wireless interfaces con-
sume a significant amount of energy. Previous work
has shown that the power saving function specified in
the IEEFE 802.11 standard is not enough to ensure en-
ergy efficiency; thus, other solutions to energy saving
are highly needed. Here we consider the 802.11 dis-
tributed access scheme and explore the possibility to
increase the time period that a wireless station spends
in the low-power operational state, the so-called doze
state. The key feature of the proposed mechanism is
that it enables o station to enter the doze state during
channel contention, by exploiting the virtual carrier
sense mechanism and the backoff function. By using
the network simulator ns-2, we compare the perfor-
mance obtained through our scheme with the results
attained when the standard DCF mechanism is em-
ployed.

1 Introduction

Currently, Wireless Local Area Networks (WLANSs)
based on the IEEE 802.11 standard [1] are one of the
most successful technologies, since they support both
user mobility and high data rates. The most popu-
lar and widely-deployed 802.11 network configuration
includes an Access Point (AP) and several wireless
stations (WSTAs); the AP provides connectivity with
the wired part of the network thus allowing Internet
services to be extended to wireless users. The AP
along with the WSTAs connected to it constitute the
so-called Basic Service Set (BSS).

Several heterogeneous wireless devices may be part
of a BSS, ranging from high performance laptops to
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small pagers. However, for all kinds of 802.11 devices,
energy consumption is a critical issue [2, 3, 4].

An 802.11 wireless interface can be in one of the
following states while being on: transmitting state,
receiving state, idle state (i.e., when the channel is
sensed without actively receiving), and doze state (i.e.,
when the radio tranceiver is turned off). Different op-
erational states correspond to different values of power
consumption. In [4, 5], it is reported that Lucent IEEE
802.11 WaveLan cards consume 1.65W, 1.4W, 1.15W
and 0.045W in the four operational states, respec-
tively; thus, an 802.11 interface consumes a significant
amount of power, even in idle state. This is a key point
to energy saving, since the standard 802.11 distributed
access scheme, the so-called Distributed Coordination
Function (DCF), is based on the CSMA/CA mecha-
nism and requires a WSTA to continuously sense the
channel. As a consequence, a WSTA spends a signifi-
cant amount of time in idle state and typically expe-
riences a high energy expenditure even if it does not
transmit or receive any data. These considerations
suggest that, in order to save energy, it is mandatory
to reduce the time spent by a WSTA in idle mode and
increase the time it spends in doze mode.

The IEEE 802.11 standard specifies a Power Man-
agement (PM) function, which allows a WSTA to
switch to the doze mode whenever the wireless inter-
face is idle [1]. Some studies [4, 6], however, have
shown that the 802.11 PM scheme presents several in-
efficiencies. Other solutions to energy saving in 802.11
WLANS can be found in [4, 6, 7, 8, 9, 10, 11, 12] (please
see Section 2 for further details on the related work).

In this paper, we present an energy-efficient tech-
nique at the MAC layer, called the Energy-efficient
Distributed Access (EDA) scheme. The EDA mecha-
nism is based on the 802.11 DCF and aims at reducing



the channel-sensing activity of the WSTAs in favor of
the time they can spend in doze mode. Our technique
differs from the 802.11 PM mode in that EDA allows
WSTAs to enter the doze state while participating in
the network activity.

Clearly, there exists a trade-off between energy sav-
ing on the one hand, and traffic delivery delay and
collision probability on the other hand. We therefore
study the performance of the EDA scheme consider-
ing both uplink and downlink traffic flows, and we
compare the performance of EDA with the results ob-
tained through the standard DCF. The study is per-
formed by using the network simulator ns-2 [13].

We would like to highlight that the EDA scheme
significantly improves our earlier work on energy sav-
ing in 802.11 WLANSs [14], by greatly reducing the
average delivery delay of data traffic, as well as the
collision probability over the wireless channel. Fur-
thermore, although we do not consider the 802.11 PM
here, we point out that the EDA technique can be
used jointly with the PM function.

The remainder of the paper is organized as follows.
In Section 2 we review some previous work on energy
efficiency in WLANs. We present the network scenario
under study in Section 3. Section 4 briefly describes
the 802.11 DCF scheme, while Section 5 introduces the
proposed energy-efficient technique. We show some
performance results comparing the EDA technique to
the standard DCF in Section 6.

2 Related Work

Several papers have addressed the issue of energy
efficiency in wireless local area networks.

In [7] the authors present the so-called PAMAS
scheme, where each node uses two separate channels,
one for control and the other for data packet trans-
missions. Power saving is achieved by turning off the
network interface of a node whenever it does not need
to transmit nor receive.

The works in [4, 6] focus on analysis and enhance-
ments of the IEEE 802.11 PM [1]. In [6] the authors
observe the 802.11 PM inefficiency due to the fixed
beacon interval duration and show that the 802.11 PM
is not an efficient solution to power saving under low
traffic load. To overcome this problem, the work in [4]
proposes an adaptive mechanism to dynamically ad-
just the ATIM window size according to the network
load. To avoid the overhead, as well as the band-
width and energy waste, due to the ATIM window,
the authors also suggest the use of a DATA window,
during which data can be exchanged directly between
the WLAN nodes.

In [8], a distributed mechanism for power saving

wired network

Figure 1: Network scenario under study

is proposed that enables each station to estimate the
channel utilization during a backoff period and to com-
pute the probability to transmit successfully. If such
a probability is low, the station defers its access at-
tempt. In this way energy waste due to failed trans-
missions is reduced. The work in [9] presents an an-
alytical framework to calculate the appropriate value
of the average contention window to be used in IEEE
802.11 WLANS so as to maximize the system through-
put and minimize the energy consumption.

The mathematical framework in [10] evaluates the
power dissipation at the 802.11 MAC layer due to data
transfer. It also proposes a load sharing algorithm
aiming at adjusting the load among different WLAN
areas so that collisions are reduced.

The works in [11, 12] act on different 802.11 system
parameters with the aim to reduce power consump-
tion. In [11] the impact of the RTS (Request-To-Send)
Threshold on energy consumption is studied, and an
algorithm to adaptively change this parameter is pro-
posed. In [12] the authors present a scheme to select
the node transmission rate, which minimizes the av-
erage waiting time of each transmission and, hence,
reduces energy consumption.

3 Network System

We consider a wireless-cum-wired network scenario
as shown in Figure 1. The wireless portion of the
network is an 802.11b-based WLAN including an AP
and several stationary WSTAs. A fixed node S is con-
nected with the AP through a wired link, which is
over-provisioned so that no packets are dropped at
its ends. The RTS/CTS (Ready-To-Send/Clear-To-
Send) mechanism is employed. Also, we assume that
WSTAs and AP always operate at a transmission rate
of 11 Mbps.

At transport layer, UDP flows are established be-
tween each WS and the fixed node S. In particular,
while deriving the performance results, we focus on
two traffic scenarios: in the former all traffic flows are
established on the uplink direction (from a WSTA to



S), in the latter all flows are on the downlink direction.
With regard to the wireless channel behavior, we
consider an independent error model for each commu-
nicating pair of nodes. The error model is represented
by a three-state discrete-time Markov chain. The
Markov chain time slot is equal to the 802.11b time
slot duration (namely, 20us). Errors over the chan-
nel occur in the states Long Bad (LB) and Short Bad
(SB), while the Good (G) state is error-free. Thus,
a frame transmission is successful only if the error
model is in state G for all slots it takes the frame
to be transmitted, while it fails otherwise. The dif-
ference between the LB and the SB state is the time
correlation of errors: LB corresponds to long bursts
of errors, SB to short ones. The probability that the
Markov chain moves to the LB state given that it
leaves the state G, i.e., the probability that an error
burst is long, is set to 0.05. We assume that the aver-
age time duration of a burst of bad slots experienced
when the states LB and SB are entered, are respec-
tively equal to 1 s and 0.04 s. The average number of
consecutive slots in state G is set to 1.672 s.

4 The IEEE 802.11b Standard Access
Scheme

In this section we briefly describe the IEEE 802.11
DCF [1].

The DCF exploits both a physical and a virtual
channel sensing. Virtual sensing is implemented by in-
cluding in all transmitted frames an indication of their
duration so that the non-destination 802.11b nodes
overhearing a transmission can set their NAV accord-
ingly. Once a node has set its NAV, it is in idle state
[2]. When a node has to transmit a frame, the physi-
cal and virtual carrier sense mechanisms are checked.
If within an interval of DIFS (or EIFS if the previ-
ous frame was received in error) either the physical or
virtual carrier sense mechanisms detect the channel as
busy, the WSTA selects a backoff interval from a range
of values called Contention Window (CW) and sets
its backoff counter to this time interval. The backoff
counter is decremented only during idle channel peri-
ods. Again, an 802.11b node can be considered as in
idle state during the backoff time. When a node gains
access to the channel and transmits a data frame suc-
cessfully, it will receive an acknowledgment message
(ACK) from the receiver after a time interval equal to
SIFS (with SIFS shorter than DIFS).

The AP periodically seizes the channel to send a
Beacon frame including various control information.
A Beacon frame is supposed to be transmitted at a
predefined time instant called Target Beacon Trans-
mission Time (TBTT). The AP can seize the channel

after it has sensed the wireless medium as idle for an
interval equal to PIFS (with PIFS longer than SIFS
and shorter than DIFS).

In the following, we will compare the performance
of our energy-efficient technique against the case
where the standard DCF scheme is employed.

5 The EDA Technique

Consider a BSS where the AP and the WSTAs ac-
cess the channel using the standard DCF. Since the
DCF requires WSTAS to sense the channel at all times
in order to avoid collisions, a WSTA will end up spend-
ing a large amount of time in the idle state.

Our first objective in developing an energy-efficient
technique is to convert the time spent by a WSTA in
idle state into time spent in doze state. Our second ob-
jective is to limit as much as possible the degradation
of the system performance in terms of traffic delivery
delay, which typically occurs when an energy-saving
mechanism is employed.

The EDA scheme involves a slight modification of
the following two aspects of the DCF protocol: (i) the
virtual sensing mechanism and (ii) the backoff proce-
dure. All other mechanisms are unchanged with re-
spect to the 802.11 DCF.

According to the EDA scheme, a WSTA behaves
as follows. When the WSTA wishes to transmit, it
listens to the channel for a period of DIFS duration.
If it detects the channel as busy, the WSTA extracts a
backoff value and enters the doze mode, turning off its
tranceiver. While being in the doze mode, the back-
off counter is decremented continuously till it reaches
zero. It is clear that, during its backoff period, the
WSTA is not aware of the traffic activity over the
channel, thus the WSTA does not set the NAV dur-
ing the backoff period and the backoff counter is never
frozen. When the backoff counter expires, the WSTA
does not immediately transmit but first listens to the
channel for a period of PIFS duration. If the channel
is sensed as busy, the WSTA doubles its CW size and
extracts a new backoff value.

Note that sensing the channel for a PIFS time en-
sures the WSTA a certain priority with respect to
those WSTAs that are attempting a channel access
for the first time (recall that these WSTAs have to
sense the channel for DIFS that is longer than PIFS).
Furthermore, using PIFS allows the WSTAs to re-
duce the probability that their transmission will col-
lide with an ACK frame (recall that an ACK is sent
by a receiver after a time SIFS from the end of a
data reception). Finally, the use of the interval PIFS
never causes the WSTA transmissions to overlap with
the Beacon frame sent by the AP, assuming that the
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Figure 2: Comparison between the behavior of a
WSTA under the standard DCF and under the EDA
scheme

WSTASs refrain from starting any transmission that
would occupy the channel in correspondence of the
time instant TBTT?!.

Figure 2 shows an example of how the EDA scheme
works. The figure compares the different behavior of
a WSTA when it operates under the standard DCF
and when it uses the EDA mechanism. On the top
of the figure, the transmissions of other WSTAs over
the wireless channel are represented. According to
both the standard and the EDA scheme, the consid-
ered WSTA computes a backoff interval after having
sensed the channel idle for DIFS. However, while in
the standard case the backoff is frozen whenever the
channel is busy, under the EDA scheme, the WSTA
decrements the backoff continuously being in the doze
state. When the backoff reaches zero, in the case of the
standard DCF, the WSTA immediately transmits. On
the contrary, under EDA, the WSTA senses the chan-
nel for a time equal to PIFS and only if the channel is
detected as idle, the WSTA transmits its frame.

6 Numerical Results

We study the system performance via simulation
using the network simulator ns-2 [13]. Two different
simulation scenarios are considered. In the first sce-
nario every WSTA is involved in an uplink traffic flow
toward the AP, in the second one the AP transmits
on the downlink direction to every WSTA within the
BSS. The traffic offered to the network is generated by
UDP flows exhibiting an on-off behavior. During off
periods no traffic is generated; the average duration of
the off period, denoted by Toﬁ‘= is taken as a constant
parameter and is set to 1 s. On the contrary, during

L All WSTASs within a BSS compute the TBTT, i.e., the time
instant at which the AP will send the next Beacon frame. The
fact that WSTAs must refrain from transmitting in correspon-
dence of the TBTT is already specified in [15].

Table 1: 802.11 Parameter Setting

CWpin (std., EDA) | 31
CWpax (std., EDA) | 1023
CWpin (large EDA) | 63

CWhnax (large EDA) | 2047

RTS Threshold 400 bytes
Slot time 20us
SIFS time 10us
DIFS time o0us
EIFS 60us

Short Retry Limit 20
Long Retry Limit 10

Preamble Length 144 bits
PCLP length 48 bits
ACK Frame Length | 112 bits
UDP payload 8000 bits

on periods, the WSTA generates traffic at a constant
rate of 256 kbit/s. The average duration of the on
period, denoted by Tyn, is a configurable parameter
that we vary in our simulations. Thus, we can act on
the system load by tuning the value of the on period
as well as the number of WSTAs in the BSS.

The wireless channel is modeled as described in Sec-
tion 3, while the 802.11 parameter setting that we
adopt is presented in Table 1. As reported in Table 1,
we present the performance of the EDA scheme for
two different settings of the CW size: CW ;=31 and
CWpax=1023 (i.e., the same as the one used in the
standard DCF), and CWpin=63 and CWnax=2047.
In the following plots, the curves referring to the case
where the larger CW size values are used are labeled as
“EDA large CW.” The parameters Short Retry Limit
and Long Retry Limit are set to 20 and 10, respec-
tively. The payload length is constant and fixed to
1000 bytes. The other parameters are set as specified
in the 802.11 standard.

The WSTA power consumption in the different
operational states are set as follows: Py,=1.65 W,
PT$=1.4 W, Pidle:1-15 W, and Pdoze:0-045 W.

In order to evaluate the system performance when
the EDA algorithm is applied, we consider the follow-
ing metrics: (i) the average energy consumption per
successful packet, i.e., the ratio of the total energy ex-
penditure of a WSTA to the number of packets that
are successfully delivered at the AP, in the case of up-
link flows, or at the WSTAs, in the case of downlink
flows, (ii) the average packet delivery delay, computed
as the sum of the queueing delay and the service de-
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Figure 3: Average energy consumption per successful
packet versus the number of wireless stations, when
Ton = 0.5 s and Toﬁ = 1 s. The performance of the
EDA scheme with different CW size and of the stan-
dard function are compared under the uplink traffic
scenario

lay at the MAC layer, (iii) the collision probability
over the wireless channel, and (iv) the packet dropping
probability due to the fact that the maximum number
of allowed transmission attempts at the MAC layer
has been reached. The results obtained through the
EDA scheme are compared to the performance of the
standard DCF (labeled by “standard” in the plots).

The first set of figures (Figures 3-7) present the
results derived under the uplink traffic scenario, while
the second set (Figures 8-10) refer to the downlink
traffic scenario.

Figure 3 presents the energy consumption per suc-
cessful packet under the uplink traffic scenario, as a
function of the number of WSTAs in the network.
The improvement in the case of EDA relatively to the
standard case is quite relevant and becomes more ev-
ident as the number of WSTAs grows. This is be-
cause an increase in the number of WSTAs corre-
sponds to an increase in the traffic load. As the chan-
nel load grows, the WSTAs spend more time in backoff
mode and, thanks to EDA, they can spend more time
in doze mode. Thus, these results suggest that the
EDA scheme works very efficiently, significantly out-
performing the standard scheme, under medium-high
traffic conditions.

The behavior shown in Figure 3 can be also ob-
served in Figure 4. Here, we consider 14 WSTAs and
we vary the average duration of the on period of the
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Figure 4: Average energy consumption per successful
packet versus the ratio Ton/ Toﬁ" when Toﬁ =1sand
the number of WSTAs in the system is equal to 14.
The performance of the EDA scheme with different
CW size and of the standard function are compared
under the uplink traffic scenario
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Figure 5: Average packet delay as a function of the
number of wireless stations, when Typp = 0.5 s and
Toﬁc: 1 s. The performance of the EDA scheme with
different CW size and of the standard function are
compared under the uplink traffic scenario

traffic sources (Toﬁ is set to 1 s). When the ratio
Ton/Toﬁ is equal to 0.25, the total offered traffic is
equal to 716.8 kbps. When the ratio Ton/ Toﬁ is equal

to 1, the total offered load is of 1.792 Mbps, while the
channel utilization, computed as the total time during



which the radio channel is busy divided by the simu-
lation duration, is about 72%. Note that such a high
channel utilization is caused by the frequent retrans-
missions due to channel errors.

Figure 4 shows that the energy consumption per
successful packet decreases as the ratio Ton/Toﬁ in-
creases. Indeed, as the duration of the on period in-
creases, the time spent in idle mode by a WSTA be-
comes shorter. This suggests that the contribution
of the idle state to energy consumption is significant,
also when the EDA technique is used, and that com-
bining the EDA scheme with the 802.11 PM could re-
sult in further improvements in energy saving. Also,
from Figure 4 we observe again a significant reduction
in energy consumption under the EDA scheme, rel-
atively to the standard case; this reduction becomes
more evident as the traffic load increases.
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Figure 6: Collision Probability as a function of the
number of wireless stations, when Tyop = 0.5 s and
Tojf = 1s. The performance of the EDA scheme with
different CW size and of the standard function are
compared under the uplink traffic scenario

Figure 5 presents the average packet delay as the
number of WSTAs varies. When a small number of
WSTA is considered, the values of delay obtained with
the EDA and the standard scheme are quite close. As
the number of WSTA grows, the DCF function out-
performs the EDA scheme. This was expected, since
energy saving mechanisms make wireless devices be-
come less reactive to the network activity and to the
changes over the wireless channel, increasing the col-
lision probability and, hence, the delay. However, the
performance gap between EDA and the standard ac-
cess function is much less evident in the ‘EDA large
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Figure 7: Dropping Probability for exceeding the max-
imum retransmission threshold as a function of the
number of wireless stations, when Ton = 0.5 s and
Toﬁ =1 s. The performance of the EDA scheme with
different CW size and of the standard function are
compared under the uplink traffic scenario

CW’ case. In fact, when several WSTAs contend for
the channel, using a larger size of the CW significantly
reduces the collision probability. This phenomenon is
confirmed by the behavior of the collision probability
versus the number of WSTAs, that is shown in Fig-
ure 6.

Figure 7 presents the probability to drop a packet
that has exceeded the maximum number of transmis-
sion attempts. Interestingly, we observe that the ben-
efit of reducing the number of packet collisions by en-
larging the CW size in the EDA scheme is evident
also in this plot. Although the standard scheme again
outperforms EDA, the results obtained in the ‘EDA
large CW’ case are quite close to the standard scheme
performance.

Next, we present the results derived under the
downlink traffic scenario.

Figure 8 presents the average energy consumption
per successful packet versus the number of WSTAs,
when the ratio Ton/Toﬁ is set to 0.5. Figure 9 shows
the same performance metric as a function of the ra-
tio Ton/ Toﬁ’ when the number of WSTAsS is set to 10.
(Note that when Ton/ Topp = 0.25, the total traffic of-
fered to the network is equal to 512 kbps, while when
Ton/Toﬁ = 2, the total offered load is 1.706 Mbps.)
The behavior that we obtain is similar to the one ob-
served under the uplink traffic scenario, thus showing
that the EDA algorithm gives excellent performances
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Figure 8: Average energy consumption per successful
packet versus the number of wireless stations, when
Ton = 0.5 s and Toﬁ = 1 s. The performance of
the EDA scheme with different CW size and of the
standard function are compared under the downlink
traffic scenario
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Figure 9: Average energy consumption per successful
packet versus the ratio Ton/ Toﬁﬂ when Toﬁ =1sand
the number of WSTAs in the system is equal to 10.
The performance of the EDA scheme with different
CW size and of the standard function are compared
under the downlink traffic scenario

also when downlink traffic flows are considered.
Finally, Figure 10 presents the average delivery de-
lay per successful packet as the number of WSTAs
varies. In this case the EDA scheme with a larger
CW size gives worse performance than both the stan-
dard scheme and EDA with smaller values of the CW

setting. In fact, in the downlink traffic scenario only
the AP transmits, so there is no need to enlarge the
CW to reduce collisions. The only effect that we ob-
tain enlarging the CW size is an increase in the traffic
delivery delay.
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Figure 10: Average packet delay as a function of the
number of wireless stations, for Top = 0.5 s and
Tojf = 1s. The performance of the EDA scheme with
different CW size and of the standard function are
compared under the downlink traffic scenario

7 Conclusions and Future Work

In this paper we focused on energy efficiency in
WLANs. We proposed an energy-saving, MAC-layer
technique which is based on the 802.11 DCF scheme.
The proposed mechanism allows a wireless station to
enter the low-power operational state, the so-called
doze state, while it participates in the WLAN activity
and contend for the channel. By using the ns-2 sim-
ulator, we studied the system performance in terms
of energy consumption and traffic delivery delay, for
both uplink and downlink traffic flows. We compared
the results obtained through our scheme with the sys-
tem performance obtained when the standard DCF is
employed. The results show that our scheme signifi-
cantly reduces energy consumption, while maintaining
the increase in traffic delay small.

Future work will study the performance of the pro-
posed scheme under more complex traffic scenarios
and in the presence of TCP traffic flows. It will also
focus on the integration of the proposed scheme with
the 802.11 power saving function and will investigate
the synergies between the two mechanisms.
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