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Abstract—We focus on the energy spent in radio communi-
cation by the stations (STAs) in an IEEE 802.11 infrastructure
WLAN. All the STAs are engaged in web browsing, which is
characterized by a short file downloads over TCP, with short
duration of inactivity or think time in between two file downloads.
Under this traffic, Static PSM (SPSM) performs better than
CAM, since the STAs in SPSM can switch to low power state
(sleep) during think times while in CAM they have to be in
the active state all the time. In spite of this gain, performance
of SPSM degrades due to congestion, as the number of STAs
associated with the access point (AP) increases. To address this
problem, we propose an algorithm, which we call opportunistic
PSM (OPSM). We show through simulations that OPSM performs
better than SPSM under the aforementioned TCP traffic. The
performance gain achieved by OPSM over SPSM increases as
the mean file size requested by the STAs or the number of STAs
associated with the AP increases. We implemented OPSM in NS-
2.33, and to compare the performance of OPSM and SPSM, we
evaluate the number of file downloads that can be completed with
a given battery capacity and the average time taken to download
a file.

I. INTRODUCTION

With the advent of wireless technology in hand-held de-
vices, saving energy incurred due to wireless protocols is
of prime importance. Users often use these devices for web
browsing, so it is imperative to evaluate and improve the
performance of various modes of operation that are supported
by IEEE 802.11 for web traffic.

In the normal mode of operation, also called the Contin-
uously Active Mode (CAM), an STA always keeps its radio
on, so it can receive and transmit at any time. This mode of
operation is energy inefficient since the STAs draw current
even when they are idling. To save power during the period
when there is less or no network activity, WiFi cards are
provided with controls through which they can be turned
off. To leverage this facility, the IEEE 802.11 standard has
a feature using which STAs can turn off their radio without
losing packets. This is called the Power Save Mode (PSM). In
this mode, an STA can be in any one of the two states, active
state and sleep state.

When an STA switches to the Power Save Mode (PSM), it
goes into sleep state (switches off its radio) and also informs
the AP about it. Any packets arriving at the AP for STAs in
PSM are stored in separate queues (PSM queues), maintained
for each STA. If the AP needs to send any packet from any

of these queues, it enqueues it at the tail of its transmission
queue, which we the AP’s NIC queue.

There is a beacon frame, sent by the AP after every fixed
time interval. This time interval between two consecutive
transmission of beacon frames is called the beacon interval.
In the beacon frame there is a field called traffic indication
map (TIM), using this the AP informs the PSM STAs about
the stored packets. PSM STAs wake up periodically to listen
to beacon frames. If they find that there are packets stored for
them then they switch to active state and send a PS-POLL
frame. In reply to PS-POLL, the AP immediately sends a
MAC ACK. On receiving the PS-POLL from a STA, the AP
dequeues the HOL packet from the corresponding PSM queue
and enqueues it at the tail of the NIC queue. If the PSM queue
of the STA is still non-empty, then the AP sets the More Bit
in the dequeued packet to indicate to the STA that there are
more packets stored for it at the AP. On receiving this packet,
the STA checks the More bit. If it is set then it sends another
PS-POLL frame. In this way, the STA does not sleep until its
PSM queue at the AP becomes empty.

Note that, earlier studies [1]–[4] consider that on receiving
a PS-POLL the AP immediately sends the data packet. It is
not practical to assume that the AP can immediately send the
data packet in response to the PS-POLL since there might be
already some packets present in the NIC queue of the AP at
the time when the AP receives the PS-POLL frame. The above
described implementation is closely analyzed for different TCP
traffic models in our earlier work [5].

In this paper we consider a general scenario in which some
STAs are associated to a single Access Point (AP) and are
engaged in web browsing. Web browsing is characterized
by users requesting short file transfers, and in between two
requests there is a short period of inactivity or think time.
In our earlier work [5], we compared the performance of
CAM and PSM. We showed using analysis and simulation
that, PSM performs better than CAM in the scenario in which
all the STAs are downloading short files with think times. This
happens because, when the STAs are in PSM they can go to
sleep during the inactivity periods, which saves energy, while
in CAM the STAs stay in active state all the time. Although
PSM performs better than CAM, its performance still degrades
with increasing number of STAs. When the number of STAs
increases, throughput share of an individual STA decreases
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which increases the download time and hence the energy
expenditure. In this paper we propose an improvement on
the static power save mode of IEEE 802.11, which we call
an opportunistic power save mode (OPSM). We will show
through simulations that OPSM is more energy efficient than
SPSM. OPSM gives better performance than PSM, only when
the round trip propagation delay (RTPD) from the AP to TCP
server is very small and the file size requested by the STAs
are large enough to cause congestion at the AP.

This paper is organized as follows: Section II discusses the
previous literature. Section III gives the description of OPSM.
In Section IV, we present the simulation results. Finally,
Section V concludes the paper.

II. RELATED WORK

There have been many schemes proposed in the literature
to improve the performance of PSM. Generally, the focus of
these studies is on either scheduling of packets or the waking
up the STAs in PSM such that it minimizes energy and delay.

In Yong et al. [6], time is sliced into slots and the AP
schedules the transmission of the packets and informs this
schedule to the STAs through beacon frames. The STAs wake
up at the specified slot as indicated in the schedule, receive
their packets and go to sleep again. Lee et al. [7] proposes
heuristic scheduling policies of packets at the AP, to minimize
energy and the average delay.

Perez-Costa and Camps-Mur [8] estimates the interarrival
time of packets at the AP and sends the PS-POLL to retrieve
the packet based on the estimate.

Gan and Lin [9] observes the contention among PS-POLLs
just immediately after the beacon interval. It improves the
performance of the system through scheduling the wake-up
of the PSM STAs.

In all the above works, the AP does packet level scheduling.
Since we consider the STAs to be downloading files, so here
we are concerned with scheduling files instead of packets.
Further, in our work, the AP does not play a role in scheduling,
but the STAs themselves cooperate to schedule their file
downloads, which makes our work different. However, in our
work the AP need to send one extra bit in addition to the TIM
in the beacon frame, which indicates whether its NIC queue
is empty or not.

Nath et al. [10] minimize the energy by transmitting mul-
tiple beacons, one for every STA associated to the AP. Each
STA estimates the RTT of the current TCP connection and
sends this information to the AP, based on this information
the AP schedules the beacon frames to the STAs.

Krashinsky and Balakrishnan [11] consider a single STA
in PSM doing short file transfers. They observed that web
transfers incur large delays, because of the interaction between
TCP slow start, RTT and PSM. To bound the delay, the
authors propose a bounded slow down (BSD) protocol in
which a web page can experience a delay not more than a
specified percentage (p) of the actual normal delay (without
PSM). BSD [11] is further improved upon by Quiao and
Shin [12]. They estimates the RTT of current TCP connection

and using this information, the sleep wake schedule is made
more efficient.

Anastasi et al. [1] consider a single STA in PSM down-
loading a file over TCP in the presence of N active STAs and
evaluated the expected energy spent by the STA to download
the file as a function of N .

Lei and Nilsson [2], Baek and Choi [3] and Si et al. [4]
analyzed the performance of PSM for different traffic models.

Tan et al. [13] propose to take advantage of throttling done
by the TCP server in media streaming applications.

III. OPSM - DESCRIPTION

Wireless stations often engage in web browsing, which are
characterized by short file downloads with short durations of
think times in between two downloads. If the number of such
STAs is associated with a single AP increases, then an STA
takes longer to download a file, which increases the energy
expenditure. This is because the AP does not give preference to
any STA: so with an increasing number of STAs downloading
simultaneously, the throughput share of an individual STA
decreases.

Now consider an STA with slightly modified behavior.
Before starting a file download, if it finds that the AP is
serving any other STA (assuming that somehow it gets this
knowledge), then it goes to a low power state (sleep state), and
starts its download after the AP finishes serving the other STA.
If all the STAs associated with the AP follow this strategy,
then it will result in only one STA downloading a file at any
instant. Because of this, throughput is not shared among STAs
during a file download, and this reduces the download time of
a file and in turn reduces the energy. We call this strategy as
Opportunistic PSM because the STA waits for the opportunity
to download its file when it has to spend least energy, which
is possible only when the AP is not serving any other STA.

Yet there is a problem with the above setting: Consider that
there are a large number of STAs browsing the web and they
are associated with a single AP. Now consider a situation, a
file transfer is going on, and during this file transfer, several
STAs complete their think times. According to the modified
behavior, the STAs initiate their file downloads immediately
after the completion of the ongoing file transfer. This rules
out the possibility of saving energy, since that requires only
one STA downloading a file at a time. To tackle this situation,
STAs should wait for random durations of time instead of
immediately initiating their file download after the completion
of an ongoing transfer. The STA which samples the least
waiting time will start its download and the other STAs which
sampled larger waiting times will find the AP serving an STA,
hence they will go to sleep state again. So, we can expect that
with high probability, only one STA gets service at any instant.

Now the question is how the STAs can get to know whether
any other STA is downloading or not. There are many ways to
find this out: One way is by sniffing the channel for a duration;
if there is no activity on the channel, then it can be concluded
that the AP is not serving any STA. Nevertheless, sniffing the
channel wastes some energy. Another efficient method which



we consider here is to add a bit to the beacon header, indicating
whether the NIC queue of the AP is empty or not. Since the
beacon frames are transmitted periodically by the AP, adding
1 bit to it will not produce much extra overhead. Through this
bit, STAs can get the information whether the AP is currently
serving any STA or not. We will call this bit as the NIC Queue
Empty (NIE) bit. To make sure that the AP is not serving any
other STA, the AP sets the NIE bit to 0, only if it did not
transmit any packet to any STA in the last beacon interval.

Note that the scheme described above works only for small
values of round trip propagation delay (RTPD) between the
file server and the AP. Since OPSM requires that the AP
should indicate in every beacon frame it transmits during a file
transfer that an STA is downloading a file, so the AP should
transmit at least one packet in every beacon interval during a
file transfer, this is true only for smaller values of RTPD with
high probability. If the RTPD becomes higher, it is possible
that all the packets for the STA might be in flight and the
AP does not transmit packet in a beacon interval; as a result
the AP will indicate to other STAs that it is not serving any
STA. So other STAs may also start their file downloads even
when a file transfer is going on, which results in higher energy
consumption. Another reason why OPSM does not work for
higher RTPD is that the STA has to remain idle when the
AP does not have packet to send since the packets might
be in flight due to positive RTPD, while in SPSM the STA
goes to sleep state during this duration. This results in OPSM
performing poorly for higher RTPDs.

In OPSM, the STA can be either in CAM or PSM, and the
STA switches from one mode to another. In CAM, the STA
stays in the active state always while in PSM, the STA can
be in active or in sleep state. If a STA switches from PSM to
CAM or vice versa, it informs the AP about it. When the AP
gets the information that the STA has switched from PSM to
CAM, it transfers all packets queued in the corresponding PSM
queue of the STA into its transmission queue (NIC queue), and
from here onward, it enques all the packets destined for the
STA directly into its NIC queue. When the STA switches from
CAM to PSM, the AP starts enqueuing all packets destined to
the PSM STA in the corresponding PSM queue.

The next section presents the detailed implementation of the
OPSM.

A. Implementation Details of OPSM in NS-2

There are two modes of operations PSM and CAM. Under
PSM, the STA can be in one of the following two states:

• SLEEP PSM (SPSM ) – In this state, the STA is in sleep
state.

• ACTIVE PSM (APSM ) – In this state, the STA is in the
active state and expects a beacon frame from the AP.

Under CAM, the STA can be in the following two states:

• TIMER ON (TCAM ) – In this state, the STA is in active
state and is counting down a timer; if the STA remains
idle (neither receives nor transmits a packet) before its
expiry, then it switches its mode from CAM to PSM.
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Fig. 1: State Machine

• ACTIVE CAM (ACAM ) – In this state, the STA is in
active mode and it stays in this state while it is contending
to transmit any packet. Note that, this state is different
from TCAM , as in this state the STA is not counting down
the timer to switch to PSM.

The following points describe the behavior of the STA from
any point of time when the STA is in state SLEEP PSM
(SPSM ) (see Fig. 1).

• When the STA is in state SLEEP PSM, a timer peri-
odically brings the STA to state ACTIVE PSM (SPSM

→ APSM ), so that the STA can hear the beacon frame
transmitted by the AP.

• When the STA is in state ACTIVE PSM (APSM ), it
expects a beacon frame from the AP. After receiving a
beacon, the STA can go to either state SPSM or ACAM ,
depending on the contents of the beacon frame. Following
points describes the possible cases:

– There is no packet at the AP (TIM bit unset). This
means that the STA has not requested any file, so it
switches to sleep state (APSM → SPSM ).

– Some other STA is downloading a file, which is
indicated by NIE bit being unset. In this case,
irrespective of TIM bit set or unset, the STA goes
back to sleep state again (APSM → SPSM ).

– When both TIM and NIE bits are set, then it means
that there are packets at the AP for this STA and
the AP is not serving to any other STA. The STA
can start downloading, but as described earlier there
might be many STAs which are waiting for the AP
to become idle. To prevent them from starting down-
loads together, the STA samples a binary random
variable T (p); If 0 is sampled, then the STA goes to
sleep state (APSM → SPSM ). If it samples 1, then
the STA sends a PS-POLL frame to the STA with
power management bit unset and it switches its mode
from PSM to CAM (APSM → ACAM ). Through the
power management bit, the AP gets to know that the



STA has switched to CAM, so it dequeues all the
packets from its PSM queue and enques them at the
tail of its NIC queue. T (p) is the random variable
which is 1 with probability p and 0 with probability
1 − p.

Define C1 := TIM || NIE || (TIM & NIE & T (p)). The
points above can be summarized as follows

SPSM → APSM Beacon timer expires

APSM → SPSM C1 is true

APSM → ACAM C1 is false (1)

The following points describe the behavior of the STA in
CAM:

• When the STA is in state ACTIVE CAM (ACAM ) (see
Fig. 1), for every reception of packet from the AP and on
every packet sent by it, the STA checks if its NIC queue
is empty. If it is, then it starts a timer with time out value
(TC−P ) and switches to state TCAM .

• When the STA is in state TCAM , and it receives any
packet from the AP, then it restarts the timer and remains
in the same state, since the STA has to be remain idle
for TC−P duration before switching to PSM.

• When the STA is in state TCAM , and it receives any
packet from the upper layer then it cancels the timer and
switches to state ACAM . This is because the STA cannot
remain idle, as it has to contend for a packet.

• When the STA is in state TCAM and the timer expires,
this means that the STA did not receive a packet from the
upper layer, and neither did it receive a packet from the
AP within duration TC−P , due to which timer expires.
The STA now switches its mode from CAM to PSM and
enters in the state (SPSM ). While switching to PSM, it
sends a PS-POLL frame with power management bit set,
indicating that, it has switched to PSM; So from here
onward, the AP starts enqueuing packets for it in the
corresponding PSM queue.

If any packet comes from the upper layer while the STA is
in sleep state of PSM, then the STA immediately switches to
active state and starts contending for the packet. After sending
the packet, it goes to sleep state again. If in case the beacon
frame arrives in while the STA is contending for a packet
then the STA switches to CAM (ACAM ) if the condition C1

is false. However if the C1 is true then the STA does not go
sleep state again, till it sends the packet it is contending for.

IV. SIMULATION RESULTS

We compare the performace of OPSM with that of the more
realistic implementation of SPSM, considered in our earlier
work [5].

We have implemented OPSM in the NS-2.33 simulator.
In the simulation, we consider a constant number of users
downloading short files over TCP with think times. We assume
that all the files downloaded by the STA utilize a single
TCP connection, which means that the TCP connection is
established for the first file while for rest of the files, the

same connection is reused. For every file, an HTTP request
packet is sent by STAs to initiate the transmission [14]. To
generate HTTP traffic in NS-2, we used PACKMIME [15].
Details about the simulation setup are given below:

• Round trip propagation delay (RTPD) from the AP to
server is taken as 0ms in one set of simulations and
20ms in another.

• At any instant, an STA has at most a single TCP connec-
tion.

• The receivers do not implement the delayed TCP ACKs.
• There is no loss of packets due to buffer overflow at the

AP or STAs.
• There are no packet losses due to bit errors on the wireless

medium.

The file size is taken to be exponentially distributed with
mean 400KB and 1000KB, and the think time is taken to be
exponentially distributed with mean 5s. The beacon interval
is taken as 100ms. As the beacon frame is sent by contention
so an STA has to be awake for a duration to be able to listen
to it. This duration is taken as 5ms. So, after an STA receives
the beacon frame, it starts a timer, which wakes it up after the
time out value of 95ms. Time out value of timer for the STA
to move from CAM to PSM (TC−P ) is taken as 100ms. T (p)
is 1 with probability .1 and 0 with probability .9. Generally
the radio chip draws different values of current while it is
transmitting, idling, receiving and sleeping (low power state).
These values of current are taken from the specifications of the
Intel PRO/Wireless 2011 card [16] and they are: transmitting
current = 300mA, Idle current = 170mA, Receive current =
170mA, Sleep current = 10mA.

We use the following two metrics to compare OPSM with
SPSM:

• Average number of file downloads for a given battery
capcity – Here, the battery capacity is taken to be
the maximum charge that can drawn from it. So the
number of files that can be completed in a given battery
capacity is obtained by dividing the battery capacity
(100 Coulombs) by the average charge drawn in down-
loading a file. Average charge drawn per file is obtained
by dividing the total charge drawn by all the STAs
in a given time interval by the total number of files
downloaded by all of them in the same time interval.

• Average sojourn time – This is defined as the total time
taken by all the files downloaded in a given interval
divided by the total number of files downloaded in the the
same interval. Here, the time taken to download a files is
taken as the time difference between the instant the STA
starts contending to send the HTTP request packet and
the instant it receives the last packet of the file.

Fig. 2 shows the comparison of the average number of
files that can be downloaded in a given battery capacity
(100 Coulombs). We can see that STAs in OPSM can down-
load more files than STAs in SPSM. Fig. 4 shows the percent-
age increase of the number of file downloads in OPSM over
SPSM in a given battery capacity (100 Coulombs). We can see



that with increase in the number of STAs or increase in the
file size, the gain achieved by OPSM increases and it can go
to up to more than 200%.

But for RTPD of 20ms and small number STAs, OPSM
fails to perform better. This can be seen in the curve for
400KB file size in Fig. 2b. This happens because, in the case
of SPSM, the STA goes to sleep when the packets are in flight,
while in OPSM, the STA stays in CAM, thus it remains in
the active state even when the AP does not have packets to
send. Nevertheless for higher number of STAs OPSM performs
better than SPSM.

Another characteristic that need to be noted here is that the
performance of OPSM degrades with increasing number of
STAs. This is because the STA has to wake up periodically to
hear every beacon frame, and this corresponds to a fixed charge
that is drawn by all the STAs, irrespective of the number of
STAs associated with the AP. But when the number of STAs
increases, the number of files a STA can download in a given
time interval decreases. Therefore the charge drawn per file
due to just listening to the beacon frames increases. Also, the
STA spends more time in sleep state with increasing number
of STAs. This increases the charge drawn in sleep state per
file download. Although the STA draws a small current (10
mA), but the duration it stays in sleep state is significant so
is the charge drawn during sleep state. Another reason for the
degrading performance is the retransmissions of the packets
by the TCP sender due to TCP timeouts while the packets are
waiting at the AP. This increases with increasing number of
STAs, since an STA has to wait more before it can download
its packets.

Ideally there should not be any difference in the sojourn
times in PSM and OPSM because in PSM, the system behaves
like a processor sharing queue, while in OPSM it behaves like
a server serving the customers one by one in random order.
Using the Little’s Theorem, it can be shown that the expected
sojourn time of a customer does not change with the order of
service of customers.

In comparison to SPSM, OPSM does not have the overheads
of PS-POLLs hence the throughput achieved by OPSM is more
than that of the SPSM. So we expect the sojourn time in OPSM
to be lower than that in SPSM. But, to implement the random
order of service, some time is wasted in idling. A STA can start
its download only at the beginning of the beacon interval with
probability p, so it is with some positive probability, none of
the STAs begin their download. Thus some beacon interval are
wasted and this increases the sojourn time. For RTPD of 0ms
and mean file size of 1000KB (see Fig. 3a), we can observe
that the sojourn time of the STAs is lower than that of the
SPSM irrespective of the number of STAs; This is because
the time which is wasted in attempting to download the file is
dominated by the decrease in download time due the higher
throughput. For RTPD of 0ms and mean file size of 400KB,
the sojourn times files are almost equal.

Fig. 3b shows that sojourn times for RTPD of 20ms. It
shows that OPSM has slightly higher average sojourn time
than SPSM. Nevertheless, the increase is not significant,

keeping in mind the energy saving achieved.

V. CONCLUSION

We have shown that our proposed scheme leads to consider-
able energy savings and it increases with increasing congestion
at the AP. The reason behind the improved performance is
that OPSM only permits one download at any time, due to
which an STA gets the maximum throughput and this results
in least energy consumption. In SPSM, this is not the case,
since it allows simultaneous downloads, which leads to longer
file download times and hence consumes more energy than
OPSM. Our future work is to design a generic policy for the
STAs that works better for higher RTPD also.
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Fig. 2: Number of Transactions per 100 Coulomb (Mean Think Time = 5s)
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Fig. 3: Average Sojourn Time (in Seconds) (Mean Think Time = 5s)
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