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Abstract The Wi-Fi technology is quickly being adopted
by new types of devices that pose stringent requirements in
terms of energy efficiency. In order to address these requirements the IEEE 802.11 group developed in the recent years
several power saving protocols, that are today widely used
among devices like smartphones. In this paper we study, by
means of analysis and simulation, the effect that these power
saving protocols have on the performance/energy trade-off
experienced by long lived TCP traffic. Our study unveils
that the efficiency of Wi-Fi power saving protocols critically depends on the bottleneck bandwidth experienced by
a TCP connection. Based on the obtained insights, we design and evaluate a novel algorithm, BA-TA, which runs in
a Wi-Fi station, does not require any modification to existing 802.11 standards, and using only information available
at layer two, improves the performance/energy trade off of
long lived TCP connections, whilst also exhibiting a notable
performance with Web traffic and TCP Streaming.
Keywords Wireless LAN · Power Saving · TCP · MAC
Layer

1 Introduction
Since its conception the Wi-Fi technology has expanded into
a wide variety of devices and applications. In particular, there
is nowadays an emerging trend towards embedding Wi-Fi in
all kind of battery powered devices, which pose stringent
Daniel Camps-Mur
NEC Europe Laboratories in Heidelberg, Germany.
E-mail: camps@neclab.eu
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requirements on energy efficiency. Among these devices,
smartphones are a prominent device class [1].
Being aware of the importance of energy efficiency, the
IEEE 802.11 group developed a set of technologies tailored
to fulfill this requirement. For instance, the 802.11 standard
[3] defined a basic power save mode that allows stations
to switch off their radio during inactivity periods in order
to save power. When this protocol is used an Access Point
(AP) buffers incoming data for the sleeping stations, and periodically notifies them about their buffered data using the
Beacon frame, typically sent every 100ms. A power saving
station wakes up to receive the Beacon frame and retrieves
its buffered data by sending a PS-Poll frame to the AP. In
addition, this basic power save mode was later enhanced by
defining the Unscheduled Automatic Power Save Delivery
APSD (U-APSD) protocol. The main difference between UAPSD and the original 802.11 power save mode is that in
order to retrieve their buffered data, U-APSD stations can
proactively trigger the AP instead of waiting for the Beacon
frame. In addition, U-APSD allows an AP to deliver multiple buffered frames upon receiving a single trigger frame1
from the station. The interested reader is referred to [4] and
[5] for a detailed description of these power saving protocols.
It was however soon realized that the operation of Wi-Fi
power saving protocols could be detrimental to the performance of data applications. In order to address this concern,
a common practice in the industry is to configure a Wi-Fi device to operate in power save mode only until there is traffic
to be sent, and then switch to active mode2 until a timeout
expires without having sent or received any traffic. An obvi1 In U-APSD both signaling frames called QoS Nulls and regular
data frames trigger the delivery of buffered data from the AP.
2 In order to switch between active mode and power save mode, a
station sets or unsets the Power Management bit in frames sent to the
AP.
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ous drawback of this approach though, is that when there is
a continuous flow of traffic, the device stays all the time in
active mode, achieving no energy saving.
Several works in the literature have tried to optimize the
trade off between application performance and energy efficiency in Wi-Fi devices. Among the initial work in this
field, [6] pointed out that Wi-Fi power saving protocols may
heavily slow down data applications like Web, and proposed
a layer two algorithm that allowed to bound the introduced
slow down with a limited amount of extra power consumption. This initial work was further extended in [7]. More recently, in [8], an Opportunistic power save method was proposed whereby Wi-Fi stations dynamically switch between
active mode and power save mode. The algorithm proposed
therein though, requires modifications to the 802.11 standard and it only considers the transmission of short files.
Other authors, like [9] and [10], took a different approach
and proposed to enhance energy efficiency for specific applications making use of cross-layer mechanisms. For instance, in [9] the authors introduced a middle-ware entity to
convey information about the activity of the applications to
the MAC layer, in order to maximize sleeping periods. In
[10] a cross-layer method was proposed that adjusts the advertised window field in TCP ACKs in order to shape TCP
transmissions in bursts and maximize sleeping periods. Notice though that relaying on cross-layer techniques may hinder the deployment of the proposed solutions.
A different body of work has dealt with the problem of
improving energy efficiency in Wi-Fi for real-time applications, e.g. VoIP and Video. In this context [11] and [12] have
proposed algorithms that dynamically adapt the trigger interval used by a Wi-Fi station according to the characteristics of the applications.
Finally, the authors in [13], [14] and [15], proposed to
improve energy efficiency in Wi-Fi clients by having a WiFi AP schedule the moment where stations retrieve their
buffered data in order to minimize the contention required
to access the channel. Although this approach can certainly
improve energy efficiency, it usually requires modifications
to the 802.11 standard, and hence Wi-Fi clients attached to
legacy APs cannot benefit from them.
Our work in this paper focuses on studying the detailed
interactions between Wi-Fi power saving protocols and long
lived TCP connections. Notice that the use of long lived
TCP connections in battery constrained devices is gaining
momentum with the advent of cloud-based applications that
seamlessly synchronize content among devices3 , and with
the increased usage of remote applications updates in mobile
operative systems. In addition, popular content providers also
distribute some forms of Video4 as traditional TCP file trans3

DropBox or iCloud are popular examples of such applications [2].
The study presented in [16] reports that YouTube delivers Flash
HD videos as file transfers. Other video formats though are transmitted
4

fers [16]. To the best of our knowledge this is the first paper
in the state of the art attempting such a detailed study.
The main contributions of this paper are as follows:
– We study by means of analysis and simulations, the effect that Wi-Fi power saving protocols have on the performance/energy trade off of long lived TCP traffic. Our
study unveils that the efficiency of Wi-Fi power saving
protocols critically depends on the bottleneck bandwidth
experienced by a TCP connection.
– Based on the obtained insight, we design and evaluate
a novel algorithm, BA-TA, that runs in a Wi-Fi station,
does not require any modification to existing 802.11 standards, and using only information available at layer two,
enhances the performance/energy trade-off experienced
by long-lived TCP connections, whilst exhibiting a notable performance with Web traffic and TCP Streaming.
This paper is organized as follows: Section 2 analyses
the effects of Wi-Fi power saving protocols on long lived
TCP traffic. Based on the insights obtained in this section,
Section 3 introduces the design of our BA-TA algorithm,
which is then thoroughly evaluated in Section 4. Finally,
Section 5 summarizes and concludes this paper.

2 TCP performance over Wi-Fi PSM
In order to study the performance of TCP over Wi-Fi power
saving protocols we consider the scenario depicted in Figure
1. This scenario represents a typical deployment, where a
battery limited handheld device accesses the Internet through
a Wi-Fi Access Point (AP), which is in turn provisioned by
an access technology, typically xDSL. Our goal is to study
the performance/energy trade-off achieved by Wi-Fi power
saving protocols when used with data applications. In particular, we focus on long lived TCP connections5, since the
effect of power saving protocols on short lived connections,
like Web, has already been thoroughly studied in the literature [6]. In our study, we have modeled a long lived TCP
connection using a 50MB file transfer, which is close to the
median size of a video file in the Internet [22], and have used
TCP New Reno as transport protocol6.
As it will be shown throughout this section, the performance of such a file tansfer depends on several key parameters in the scenario depicted in Figure 1, e.g. the bandwidth
using modified TCP connections, e.g. using bandwidth throttling or
block sending.
5 We define long lived connections as those that enter congestion
avoidance.
6 Notice that although other TCP versions like TCP Cubic [18] are
currently being deployed in major operative systems, we justify our
election of TCP New Reno on the fact that these new TCP versions
behave in a TCP-friendly way, i.e. like New Reno, in low bandwidth
delay products like the ones considered in this work.
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Slow WiFi
Fast WiFi
File Server

AIFS/CWmin/CWmax/TXOP
3/15/1023/0ms
2/7/15/3ms

Table 2 Wi-Fi Configurations under study

Internet

Modem
Wi-Fi AP

Data/Ctrl Rate
54/24 Mbps
130/24 Mbps

DSL
Line

DSLAM

Wi-Fi station

Fig. 1 Scenario under study

Slow DSL

DL/UL Rate
1Mbps/128Kbps

Fast DSL

16Mbps/1Mbps

WiFi
Bottleneck

100Mbps/100Mbps

Description
Close to the average connection speed in China
[21].
Close to the average connection speed in South Korea and also a common
DSL offer in Europe [21].
Speeds in this range represent FTTH deployments in
South Korea or Japan [21].

Table 1 Access Technologies under study

of the access and Wi-Fi networks, the amount of available
buffering, or the Round Trip Time (RTT) experienced by the
connection. In order to analyze the influence of these parameters, we study the scenario depicted in Figure 1 by means
of packet level simulations using OPNET [17].
Regarding the choice of access technology, we select
three representative scenarios that capture today’s heterogeneous broadband market. In particular, the selected scenarios span from what are nowadays considered slow access
technologies to what are considered fast access technologies. These scenarios are described in Table 1.
The choice of the Wi-Fi technology is another important
factor to consider when studying the performance of power
saving protocols. However, there is also a wide variation in
today’s deployed Wi-Fi technologies, ranging from legacy
802.11b networks to 802.11n networks. Therefore, we consider in our study that the Wi-Fi network depicted in Figure
1 can operate according to two different configurations: i)
a Slow Wi-Fi configuration, where a low over-the-air priority is used and no Transmission Opportunities (TXOP) are
allowed7 , and ii) a Fast Wi-Fi configuration, where a high
over-the-air priority is used and TXOPs are allowed. The
used Wi-Fi configurations are described in Table 2.
For each of the previous scenarios we will evaluate the
performance/energy trade-off of a generic file tansfer, using
two different algorithms. The first one represents the common industry practice of switching to Active Mode once traffic is detected, which should be optimal in terms of perfor7 TXOPs allow a Wi-Fi device to transmit several frames with a
single access to the channel, hence significantly reducing overhead.

mance. Hereafter we refer to this algorithm as the Active
Mode algorithm. The second algorithm consists of having
the station all the time in power save mode, which should
be optimal in terms of energy. We refer to this algorithm as
the Wi-Fi PSM algorithm. In particular, we use U-APSD as
Wi-Fi power saving protocol, where the station wakes up at
every Beacon to check if there is buffered traffic and in that
case retrieves it using a single signaling trigger. More details
on this U-APSD implementation can be found in [5].
In order to evaluate energy consumption, we make use
of a well known model for Wi-Fi chipsets that consists of
four basic power states: Sleep, Listen, Reception and Transmission. Energy is computed by integrating the power that
a Wi-Fi device spends in each of the previous states over a
certain target time, which in our evaluation will be the time
to transfer a file. The power consumption values used are
shown in Table 3 [23].
Broadcom 4311T M
Power (mW)

Sleep
20

Listen
390

Rx
1500

Tx
2000

Table 3 Power consumption levels used in our study

Finally, for each of the scenarios and algorithms under
study, we have performed two different experiments that represent the different conditions that may be experienced by a
TCP connection. Specifically:
– Buffer Experiment, where we configure RT Tbase = 20ms
in Figure 18 , and vary the amount of buffering available
in the DSLAM or in the AP (depending on the considered scenario), from 20 to 160 packets. Notice that given
the potential harm caused by large buffers, also known as
Bufferbloat [19], [25], it is important to asses the performance delivered by the protocols under study with small
buffers.
– RTT experiment, where we fix the buffering available in
the DSLAM and AP to 50 packets and 100 packets respectively, and vary the value of RT Tbase in Figure 1
from 10ms to 310ms.
The simulation results shown in this paper have been obtained considering at least 10 simulation runs. In addition
the depicted average values are plotted with their correspondent 95% confidence intervals.
8
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2.1 Buffer Experiment
We start analyzing the results of our first experiment, where
we fix RT Tbase = 20ms in Figure 1 and vary the amount
of buffering available in the DSLAM and in the AP in our
scenarios under study.
2.1.1 Slow DSL scenario
The upper graphs in Figures 2(a) and 2(b) depict respectively the throughput and energy consumption experienced
by a Wi-Fi station when retrieving a 50MB file from a server
located in the Internet, as depicted in Figure 1. It is clearly
seen in these figures how all the algorithms under study deliver a similar throughput, which corresponds to the bottleneck bandwidth (1 Mbps), and how being in power save
mode during the file tansfer drastically reduces the energy
required by the Wi-Fi station to retrieve the file (up to a five
fold decrease).
In order to understand why Wi-Fi PSM achieves such
a significant energy reduction with no penalty in terms of
throughput, Figure 3(a) depicts the time evolution of the
TCP congestion window (blue line), the queue occupancies
at the DSLAM (red line) and the Wi-Fi AP (black line), and
the power state of the Wi-Fi station (awake or sleep) during the file tansfer. We can see in the graph, how the Wi-Fi
station wakes up right before the Beacon is sent (dotted vertical lines in the graph), quickly empties the AP buffer using
the high bandwidth available in the Wi-Fi network, and efficiently sleeps until the next Beacon. Instead, in the Active
Mode algorithm, the Wi-Fi station stays most of the time
awake but inactive, waiting for the next TCP packet9 .
The key to understand why the on/off behavior introduced by the power saving protocol does not reduce performance, is to realize that in this experiment the bottleneck
queue (red line in Figure 3(a)) never gets empty. Thus, a
necessary condition to avoid degrading throughput in WiFi PSM, is that the TCP source’s congestion window (hereafter referred to as cwnd) needs to grow big enough in order to compensate for the increased RTT introduced by the
Tbase
⌉BI, where
power saving protocol, i.e. RT Tef f = ⌈ RTBI
RT Tef f stands for effective RTT, BI is the Beacon interval
and RT Tbase is depicted in Figure 1. Thus, the minimum
cwnd, in MTU-sized packets, required to avoid any throughput degradation equals to:

cwnd >

Tbase
⌉BI × RDSLDL
⌈ RTBI
RT Tef f × RDSLDL
=
MT U
MT U
(1)

9 The transmission time of a 1.5KB packet over a 1Mbps DSL line
is 12ms.

Given the low speed of the DSL link (RDSLDL = 1M bps)
and the small RT Tbase (20ms) considered in this scenario,
Equation 1 results in cwnd > 8.53 packets, which is easily
achieved given the considered buffer sizes.
2.1.2 Fast DSL scenario
We now repeat the previous experiment in the Fast DSL scenario. Throughput and energy results are depicted respectively in the middle graphs of Figures 2(a) and 2(b), and
reveal a very different behavior than the one observed in the
Slow DSL scenario. In this case the file tansfer throughput
significantly degrades with Wi-Fi PSM, specially when the
DSLAM buffer is small, and interestingly it degrades even
more when more bandwidth is available in the Wi-Fi network (Fast Wi-Fi configuration). Regarding energy, Wi-Fi
PSM continues to be more efficient than the Active Mode algorithm, although a smaller gain than in the Slow DSL scenario is obtained.
In order to get a deeper understanding on the underlying
dynamics, Figure 3(b) illustrates, when the station uses WiFi PSM, an example of the AP and DSLAM queue dynamics
(red and black lines) and the evolution of the TCP sender’s
cwnd (blue line). We can immediately see how the dynamics
in this case are much more involved that in the Slow DSL
scenario. In particular, the performance of TCP over Wi-Fi
PSM depends in this case on the following three effects:
1. The increased bandwidth delay product introduced by
Wi-Fi PSM.
2. Bursty increases in the DSLAM buffer due to ACK compression.
3. Extended awake periods experienced by the Wi-Fi station.
Next, we describe these effects in detail. We can clearly
see in Figure 3(b), how the DSLAM queue (red line) often
returns to zero leading to periods where the DSL line is underutilized. Using the lessons learned in the Slow DSL scenario, we can see that in order to keep the DSL line always
busy in this scenario, the TCP sender’s cwnd should be at
⌈

RT Tbase

⌉BI×R

DSLDL
BI
= 133.3 packets,
least cwndmin >
MT U
which is not the case in Figure 3(b).
Notice thus, that when Wi-Fi PSM is used it is critical for
the TCP sender to be able to achieve a high cwnd in order to
compensate for the increased badwidth delay product introduced by the power saving protocol. The maximum cwnd
achieved by a TCP sender depends on the bandwidth delay product of the connection and on the buffering available
in the bottleneck, which explains why throughput degrades
when buffering is small in Wi-Fi PSM. However, there is another important factor that limits the achievable cwnd when
Wi-Fi PSM is used. This factor is the ACK compression introduced by the power saving protocol.
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Fig. 2 Buffer Experiment. For each of the algorithms and scenarios under study, throughput is depicted on the left graph and energy on the right
one. Notice that the same legend applies to all sub-figures.
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Fig. 3 Buffer Experiment. TCP dynamics. The left graph depicts the Slow DSL scenario and the right one the Fast DSL scenario.

We can see in Figure 3(b), how when Wi-Fi PSM is used,
the AP holds TCP packets for the station until the Beacon
transmission time, and then transmits these packets to the
station at the Wi-Fi rate, which is faster than the bottleneck
rate (the DSL rate). The Wi-Fi station then reflects back to
the TCP source TCP ACKs at the rate of the received data,
which result in a compressed burst of new TCP packets arriving at the DSLAM that cause a bursty queue increase, as
clearly observed in Figure 3(b) (red line). This process is
graphically described in Figure 4, where it can be seen how
the ACK compression rate seen by the TCP source is typically limited by the upstream DSL bandwidth.
In order to understand how ACK compression affects the
maximum cwnd achieved by the TCP source, it is possible
to compute the maximum burst size Nmax (in MTU-sized
packets) that results in no packet loss when arriving at the
DSLAM buffer. Considering that, as illustrated in Figure 4,
a new window of TCP data hits the bottleneck node at a

rate equal to RACKcomp MTU-sized packets/sec, and that
the rate at which the bottleneck queue is drained is in our
case RDSLDL MTU-sized packets/sec, it is easy to see that
while a new window of TCP data hits the bottleneck, this
queue grows at a rate of Rqbott = RACKcomp − RDSLDL .
Thus, if the previous queue growth is sustained during a time
Twin , such that Twin Rqbott > QDSLAM , there will be a loss
in the bottleneck queue limiting the size of cwnd. Considering that packets within a TCP window arrive at the bot1
,
tleneck with an interarrival time of Tarrival = RACKcomp
with RACKcomp defined in Figure 4, we have that Twin =
Nmax
RACKcomp , and the maximum burst size, Nmax , that results
in no drop in the bottleneck’s queue, and so in no cwnd reduction in the TCP connection, is:

Nmax < QDSLAM

QDSLAM
RACKcomp
=
RDSLDL
Rqbott
1 − RACKcomp

(2)

6

Daniel Camps-Mur, Sebastià Sallent-Ribes
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TTXbott = MTU/RDSLDL
TCP ACKs pile up in the DSL modem

 

1/RACKcomp = TCP ACK/RDSLUL

Modem

Tarrival = 1/RACKcomp

Fig. 4 ACK compression in a TCP connection caused by Wi-Fi power
saving protocols.
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Where the previous equation only holds if RACKcomp >
-./ 0.12
RDSLDL . Notice that if for instance QDSLAM = 40 packets
in the Fast DSL scenario, Equation 2 results in Nmax <
-./ 3)4)
89 packets, which limits the maximum value of cwnd and


reduces throughput. In the next sections we will study in


more detail the relation between Nmax and cwnd.
 
 
It is interesting to notice, looking at Equation 2, that
when the amount of ACK compression increases, e.g. if the
Fig. 5 Interaction between TCP and Wi-Fi PSM. In the Fast Wi-Fi
DSL upstream bandwidth increases in Figure 4, then Nmax
configuration data is transmitted fast and aggregated in TXOPs in the
decreases and, contrary to intuition, the TCP connection through-Wi-Fi network, thus when a new burst of TCP data arrives at the AP the
put experienced by a Wi-Fi station in power save mode should station is already sleeping resulting in an increased RTT. Instead in the
Slow Wi-Fi configuration when a new burst of TCP data arrives at the
degrade. Later we will evaluate the validity of this claim.
AP the station might still be awake retrieving the previously buffered
Finally, there is a third effect affecting the TCP connecdata, hence the RTT increase is avoided.
tion throughput. Unlike the previous two effects though, this
effect tends to increase TCP throughput, and is described as
reduces energy consumption because TCP packets are transfollows. If the time required by the Wi-Fi station after the
mitted faster.
Beacon frame to retrieve the buffered TCP packets and generate the correspondent TCP ACKs, is above RT Tbase in
Figure 1, then the Wi-Fi station is still awake when a new
2.1.3 Wi-Fi Bottleneck
window of TCP data from the file server arrives at the AP,
We finalize the analysis of our Buffer experiment looking
and so this new window of data will not suffer from an inat the throughput and energy performance obtained in the
creased RTT. This effect is illustrated in Figure 5 and is also
Wi-Fi Bottleneck scenario. These results are depicted in the
often observed in Figure 3(b), for instance between 103.2
secs and 103.4 secs, where the AP queue contains packlower graphs of Figures 2(a) and 2(b). Looking first at throughput, we can see that the effects observed in the Fast DSL sceets during two consecutive Beacon intervals. Notice though,
nario appear now even more magnified: i) Wi-Fi PSM signifthat since in this scenario the Wi-Fi rate is higher than the
icantly degrades throughput, specially when the buffer in the
DSL rate, the Wi-Fi station eventually manages to empty
the AP queue and return to sleep, resulting again in an inAP is small, and ii) the Fast Wi-Fi configuration provides the
creased RTT and reduced throughput. In addition, notice
expected throughput increase when the station uses Active
Mode, but results in a severe throughput degradation when
that the previous positive effect is more likely to occur when
the station uses Wi-Fi PSM.
the bandwidth in the Wi-Fi network reduces, because in this
case the AP takes longer to transmit data to the station. This
Wi-Fi PSM also introduces ACK compression in this
effect explains why when Wi-Fi PSM is used, the Slow Wi-Fi
scenario, but, since upstream bandwidth is not a problem
configuration outperforms the Fast Wi-Fi one as depicted in
in this case, the amount of ACK compression depends on
Figure 2(a).
the particular mechanisms employed in the Wi-Fi network.
For instance, when the Slow Wi-Fi configuration is used, the
To conclude the analysis of the Fast DSL scenario, we
AP and the station compete in a fair way after each Beacon
turn our attention to Figure 2(b) that depicts the energy spent
in order to transmit the buffered TCP packets and the correby the Wi-Fi station to retrieve the 50MB file. The reason
sponding TCP ACKs. Therefore the average time between
why the energy reduction obtained by Wi-Fi PSM is less sigTCP ACK and TCP data transmissions is the same, and no
nificant than in the Slow DSL scenario, is that the DSL line is
significant ACK compression is introduced. However, when
closer to saturate the Wi-Fi network, hence the station does
the Fast Wi-Fi configuration is used, the AP first transmits
not spend so much time idle when being in active mode. Fito the station all its buffered TCP packets packed within a
nally, it is worth noticing that the Fast Wi-Fi configuration
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Fig. 6 RTT Experiment. For each of the algorithms and scenarios under study, throughput is depicted on the left graph and energy on the right
one. Notice that the same legend applies to all sub-figures.

TXOP. This transmission is then followed by another transmission where the station packs all the TCP ACKs within
a TXOP. Thus, assuming that AP and station use the same
data rate, the ACK compression rate in this case can be apR
T CP P acket
= Size
proximated as RACKcomp
Size T CP ACK .
W i−F i
The positive effect stemming from the overlapping between new TCP arrivals and the awake periods of the Wi-Fi
PSM station also occurs in this case, but mostly in the Slow
Wi-Fi configuration. The high data rates and bursty transmissions used in the Fast Wi-Fi configuration reduce the likelihood of this positive effect, as illustrated in Figure 5.
We highlight now another degradation10 introduced by
Wi-Fi PSM, that is caused by an increase in the time required by the TCP connection to complete the initial Slow
Start+Fast Recovery phase. In our experiments, a TCP connection typically finalizes the initial Slow Start phase when
tree duplicated ACKs are received at the TCP source; at
that moment TCP New Reno triggers a fast retransmission
and the connection enters Fast Recovery until all outstanding data is successfully transmitted. Notice that during the
initial Slow Start, the TCP connection typically saturates
the network, forcing the Wi-Fi PSM station to stay awake.
However, when Fast Recovery starts, the TCP source stops
transmitting data until half a window of duplicated ACKs is
received [27], which allows the station in power save mode
to drain the AP buffer and return to sleep. After that moment,
since Fast Recovery only injects new data or retransmis10 This phenomena also occurred in the Slow DSL and Fast DSL scenarios, but had a smaller impact.

sions upon receiving duplicate or partial ACKs, transmissions only occur once every 100ms when the station wakes
up after the Beacon, hence slowing down the completion of
this phase. Figure 8(b) depicts a typical initial Slow Start+Fast
Recovery phase when the station uses Active Mode and when
the station uses Wi-Fi PSM, in an experiment where RT Tbase =
20ms.
Finally, we can see in Figure 2(b), that when the Wi-Fi
network is the bottleneck the Active Mode algorithm turns
out to be the most energy efficient algorithm, because the
Wi-Fi station spends all its time transmitting and receiving
useful data.

2.2 RTT Experiment
We describe now the results of our second experiment, where
we fixed the maximum buffering in the DSLAM and AP
and observed the throughput/energy trade-off when varying
RT Tbase from 10ms to 310ms. We considered a maximum
buffer of 50 packets in the DSLAM in the Slow DSL and
Fast DSL scenarios, and of 100 packets in the AP in the WiFi Bottleneck scenario.
2.2.1 Slow DSL scenario
As illustrated in the upper part of Figures 6(a) and 6(b), the
behavior of the algorithms under study in the Slow DSL scenario continues to be very similar than the one observed in
our first experiment. Following Equation 1 we can see that
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Fig. 7 TCP model. The two graphs depict the data arrivals from the DSLAM to the AP, the Beacon transmissions from the AP to the Wi-Fi station,
and the delivery of the buffered data after the Beacon.

even when RT Tbase = 310ms the cwnd required to keep
the DSL line always busy is cwnd > 34 packets, which is
easily achieved considering the configured DSLAM buffer
of 50 packets.

2.2.2 Fast DSL scenario
The middle graph in Figures 6(a) and 6(b) depict respectively the throughput and energy performance of the algorithms under study in the Fast DSL scenario. It is interesting
to observe in this case that when the station is in power save
mode, there is a ripple effect in the connection’s throughput as RT Tbase varies. Notice that this ripple is contrary to
the common knowledge that TCP throughput degrades when
the RTT increases, as clearly observed when the station uses
Active Mode. Next, we present an analytical model aimed at
capturing the interactions between the TCP congestion control mechanisms and the Wi-Fi power saving protocols that
result in the observed ripple effect11 . Our simplified model
is based on the following assumptions:
i. We consider only the throughput experienced by the TCP
connection during the congestion avoidance phase.
ii. We assume that the Wi-Fi station retrieves all the TCP
packets buffered at the AP and sends the corresponding
TCP ACKs before a new window of TCP data arrives at
the AP. Notice that this behavior is more likely when the
Wi-Fi bandwidth is high (i.e. Fast Wi-Fi configuration)
or when RT Tbase increases.
iii. We consider that packet drops are only due to buffer
overflow in the DSLAM, but not in the AP (i.e. QAP
is big enough). In addition, we assume that no channel
errors occur in the wired network, and that the wireless
network is always able to recover a failed transmission
using retransmissions.
iv. We assume that the rate at which TCP ACKs arrive at the
TCP source is constrained by the uplink DSL modem,
CP ACK
i.e. Tarrival = SizeRTDSL
(see Figure 4).
UL

Under the previous conditions, and leveraging Equation
DSLAM
, as being the max2, we can define Nmax = QR
DSLDL
1− R

ACKcomp

imum burst size (in MTU-sized packets) that can hit the
DSLAM node without resulting in a packet drop. In addition, we will define ∆ as being the maximum number of
TCP data packets arriving from the DSLAM to the the AP
that a Wi-Fi station can retrieve after the Beacon frame before going to sleep12 . ∆ depends on the relation between
RT Tbase and the Beacon Interval (BI), and on the Wi-Fi
rate. Specifically, we will approximate ∆ as ∆ = M + L,
RT Tbase
where M = BI−BITTmod
is the maximum number
Xbott
of packets transferred from the DSLAM to the AP since
the first packet of the new TCP window hits the DSLAM
TT X

(M)

W i−F i
until the next Beacon time, and L =
is the
TT Xbott
number of packets that can be transferred from the DSLAM
to the AP while the Wi-Fi station is retrieving the first M
MT U
is defined in Figure 4, and
packets; TT Xbott = RDSL
DL
TT XW i−F i (M ) is the time to transmit M packets and generate the corresponding TCP ACKs in the Wi-Fi network.
These variables are illustrated in the third Beacon frame in
Figure 7(a).
The key to understand the ripple effect observed in Figure 6(a), is to realize that when the station is in power save
mode, increasing RT Tbase may result in the TCP source
being able to achieve a higher cwndmax and therefore a
higher throughput. Specifically, the maximum size of cwnd
depends on the relation between Nmax and ∆.
We start considering the case where Nmax ≤ ∆, i.e. a
new window of TCP packets is entirely transferred to the
station before this goes back to sleep. Under this condition
cwndmax = Nmax , and the RTT experienced by the conTbase
⌉BI. This scenario is illusnection is RT Tef f = ⌈ RTBI
trated in the left hand side of Figure 7(a), from where it is
easy to see that the throughput of the TCP connection in
congestion avoidance can be computed as:

T hr =

1 cwndmax + cwndmin
Nmax
3
=
Tbase
2
RT Tef f
4 ⌈ RTBI
⌉BI

(3)

11

Notice that the goal of our model is not to accurately model TCP
throughput over Wi-Fi PSM, but just to qualitatively understand the
dynamics depicted in Figure 6.

12 Notice, that if R
W i−F i > RDSLDL there is always going to be
such maximum.
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Fig. 8 TCP dynamics.

Consider now that Nmax > ∆ and RT Tbase ≤ BI. The
dynamics in this case are again illustrated in Figure 7(a).
Notice in the figure how when cwnd grows above ∆, the
station goes back to sleep before retrieving the complete
TCP window, and a fraction of this TCP window remains
in the AP and is transmitted in a subsequent Beacon (see
third Beacon in Figure 7(a)). Therefore, when cwnd > ∆,
the TCP connection effectively transfers cwnd + ∆ packets every 2BI. Instead, when cwnd < ∆ the connection
transfers a cwnd worth of packets every BI. Finally, notice
that the maximum value of cwnd is cwndmax = Nmax , and
cwndmin = Nmax
2 . Hence, after the appropriate algebraic
manipulation, the throughput of the TCP connection in congestion avoidance can be computed in this case as:

T hr =

(

∆+ 3Nmax
4
2BI
1 Nmax +(3−α)∆+(1−α)
2
2BI

cwndmin ≥ ∆
cwndmin < ∆

2.2.3 Wi-Fi Bottleneck scenario
(4)

∆−cwndmin
.
Where α = cwnd
max −cwndmin
Finally, let us consider that Nmax > ∆ and RT Tbase >
BI. The dynamics in this case are illustrated in Figure 7(b),
where it can be seen that every time that cwnd reaches a
value multiple of ∆, i.e. cwnd = k∆ with k ≥ 1, packets start to be transmitted in a subsequent Beacon. Thus,
Tbase
⌉∆ the amount of packets
only when cwnd > ⌈ RTBI
hitting the DSLAM after a Beacon starts growing above ∆
until Nmax . Therefore, in this case cwndmax = Nmax +
Tbase
⌈ RTBI
⌉∆, and the effective RTT experienced by the TCP
Tbase
⌉)BI. Recalling
connection is RT Tef f = (1 + ⌈ RTBI
that Nmax > ∆ and RT Tbase > BI, it can be derived that
cwndmin > ∆, therefore:

T hr =

Tbase
⌉∆
3 Nmax + ⌈ RTBI
RT
T
base
4 (1 + ⌈ BI ⌉)BI

RT Tef f and cwnd, and in a completely different throughput, as identified in Equations 3, 4 and 5. In order to validate the presented model, we compare in Figure 8(a) the
throughput predicted by the model against the throughput
obtained in simulations13 . It is also interesting to notice in
Figure 8(a), how as we had previously predicted, when the
upstream DSL bandwidth increases (RDSLU L = 3M bps),
the connection throughput degrades due to an increase in
ACK compression.
Regarding energy, it is worth to notice looking at the
middle part of Figure 6(b), that an always active configuration severely penalizes energy consumption when RT Tbase
increases, because TCP can not keep the DSL line always
busy and hence the station is often inactive in this case.

(5)

We can now understand the reasons behind the ripple
effect depicted in Figure 6(a). We have shown how small
changes in the connection parameters, e.g. RT Tbase , can result in a different phenomena dominating the dynamics of

Finally, the lower graphs in Figures 6(a) and 6(b) depict respectively for our RTT experiment the throughput and energy performance in the Wi-Fi Bottleneck scenario. We can
see that, like in the Fast DSL scenario, a ripple effect appears
in throughput, but this time only in the case of the Slow WiFi configuration.
The analysis presented in the previous section can also
be used in this case to understand the TCP dynamics. For instance, recall from the previous section that M packets must
be buffered at the AP before a Beacon frame is sent, where
mod RT Tbase
and Tarrival is the interarrival
M = BI−BITarrival
time of packets arriving at the bottleneck. In the Fast DSL
CP ACK
, however in
scenario we had that Tarrival = SizeRTDSL
UL
this scenario packets may hit the bottleneck (the AP) with
smaller interarrival times. For instance, as previously explained, when the Fast Wi-Fi configuration is used the Wi-Fi
station transmits TCP ACKs within a TXOP which results in
packets arriving at the AP with small Tarrival times. Thus, if
Tarrival is small enough so that the number of TCP packets
arriving at the AP before the Beacon, M , grows above QAP ,
13

In our simulations, we choose the Fast Wi-Fi configuration, because it better fulfills condition ii. of our model, and consider only the
congestion avoidance phase of the connection.
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a drop will occur at the AP’s power save buffer which limits the maximum cwnd to cwndmax < QAP . Indeed, this
is what happens in the case of the Fast Wi-Fi configuration,
and therefore the achieved throughput (during the congestion avoidance phase) in this case is free of ripples and is
described by:
T hr =

3
QAP
RT
Tbase
4 ⌈ BI
⌉BI

(6)

the Wi-Fi station should use short trigger intervals (and potentially switch to active mode), since this is the most efficient configuration in this case.
We establish the following constraints in the design of
BA-TA:
– The algorithm has to run in the Wi-Fi station without
any support from the Access Point, and should not require modifications to existing standards. This will allow
a Wi-Fi station to immediately use BA-TA in currently
deployed Wi-Fi networks.
– The algorithm should run entirely at Layer two. This will
allow to easily re-use BA-TA in any device with a Wi-Fi
interface.

The behavior is different in the Slow Wi-Fi configuration, where TCP packets do not arrive at the AP so close
to each other, i.e Tarrival is bigger, and therefore the ripple effect arises. For instance, when RT Tbase = 110ms a
new window of TCP data arrives at the AP approximately
90ms before the next Beacon time, which results in the AP
having to be able to buffer 90ms worth of TCP Data arrivals to avoid a packet drop. This is not possible given the
considered buffer of QAP = 100 packets, and therefore
cwndmax = QAP in this case. However, when RT Tbase =
150ms the AP only has to be able to buffer 50ms worth of
arrivals to avoid a packet drop, and so cwndmax can grow
above QAP , obtaining a higher throughput in this case.
Regarding energy, a similar behavior like in the Fast
DSL scenario is observed in this case.
Finally, we would like to notice that in this study we have
only reported on the performance of downlink file tansfers,
i.e. from the file server to the Wi-Fi station. We have however also studied how uplink file tansfers behave, observing
that, given the limited upstream bandwidths in xDSL, Wi-Fi
PSM usually delivers a fairly good throughput/energy tradeoff for uplink connections.

Notice that the focus of BA-TA is to enhance the performance energy trade-off of long lived TCP connections over
Wi-Fi power saving protocols. However, BA-TA should also
deliver a good performance energy trade-off with elastic applications like Web browsing and also with the TCP Streaming applications widely used by popular content providers
[16]. Inelastic real-time traffic though, like VoIP, is considered out of the scope of BA-TA. Therefore, BA-TA could be
deployed at layer two in a Wi-Fi station that implements the
classification mechanisms defined in 802.11e [3] in order to
segregate elastic traffic, for which BA-TA would be applied,
from inelastic real-time traffic, for which other algorithms,
like those proposed in [11] and [12], could be applied.
BA-TA is composed of two independent modules. A first
module that estimates the peak rate of the TCP connection’s
bottleneck, and a second module that given the previous estimation selects an appropriate trigger interval in the power
saving protocol. These two modules are described next.

3 BA-TA: An Adaptive Triggering algorithm for TCP
over Wi-Fi PSM

3.1 A bottleneck bandwidth estimation algorithm

As we have seen in Section 2, the performance of TCP over
Wi-Fi PSM critically depends on the characteristics of the
network behind the AP. Therefore, our goal in this section is
to design an adaptive algorithm running in a Wi-Fi station,
that will tune the operation of the Wi-Fi power saving protocol according to the bottleneck bandwidth experienced by a
TCP connection. Hereafter, we refer to this algorithm as the
Bottleneck Aware - Triggering Algorithm (BA-TA).
We have seen in Section 2 that the default trigger interval used by Wi-Fi PSM (100ms), can severely degrade the
performance of a TCP connection, specially as the capacity
of the bottleneck increases. Therefore, the intuition behind
BA-TA is to adapt the trigger interval in the following way.
If the connection’s bottleneck has a small bandwidth, the
Wi-Fi station should use large trigger intervals which do not
decrease performance and are energy efficient. On the other
hand, if the connection’s bottleneck has a large bandwidth,

The goal of this algorithm is to estimate in a Wi-Fi station
in power save mode, the peak bandwidth of a TCP connection’s bottleneck, e.g. 1 Mbps and 16 Mbps in our Slow DSL
and Fast DSL scenarios.
The intuition behind our peak bandwidth estimation algorithm is described in Figure 9. This figure depicts the occupancy of the bottleneck line behind the AP, e.g. the DSL
line in Figure 1, between two (not necessarily consecutive)
trigger frames sent by the station in power save mode. Notice that when a service period completes14 , the Wi-Fi station knows that the buffer in the AP is empty. Therefore, the
station can use the amount of data received between these
two trigger frames in order to estimate the bottleneck’s peak
bandwidth in the following way. Consider the bottleneck
14

In U-APSD a service period completes when the AP sets the EOSP
bit to 1 in a transmitted frame, indicating to the station that it has no
more buffered frames.
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1 – Variable definitions
2 rcvd datapeak ← Amount

3 t lastpeak ← Time of last update
4 f irst pkt size ← Size of the first

Fig. 9 Intuition behind the Peak Bandwidth Estimation Algorithm.

line to be always busy between the two triggers sent by the
station. We have in this case that N ×TT Xbott = ∆t +tα −tβ ,
where N is the number of frames received by the station between the two triggers, and TT Xbott , tα and tβ are defined
in Figure 9. Notice that 0 ≤ tα , tβ ≤ TT Xbott .
U
Considering now that TT Xbott = MT
Rbott , where M T U is
the size in bits of a packet transmitted over the bottleneck
link and Rbott is the bottleneck peak transmission rate that
we want to estimate, the following lower and upper bounds
on Rbott can be derived:

TT Xbott ≥

(7)

TT Xbott

(8)

Notice that the upper bound on Rbott only holds if the
bottleneck line is all the time busy between the two triggers
sent by the station. However, the lower bound on Rbott holds
true even if the bottleneck is not always busy.
Thus, our peak rate estimation algorithm works in the
following way. When a service period completes and more
than Tupdate seconds have past from the last algorithm update, where Tupdate is an algorithm parameter, BA-TA executes the procedure described in Algorithm 1, which records
a lower bound estimation on the bottleneck’s peak rate as described in Equation 8. In addition, in order to get as close as
possible to the true Rbott , Algorithm 1 continuously updates
the bottleneck rate estimation to the highest observed Rbott
lower bound (line 7 in Algorithm 1).
There is an extra issue to be considered in Algorithm
1. If, as it will be explained in the next section, the WiFi station switches from power save mode to active mode,
then the AP will start transmitting the station’s remaining
buffered packets at the rate of the Wi-Fi network, which can
be above the bottleneck rate. In order to avoid overestimating the bottleneck rate in this case, our peak rate estimation
algorithm always uses as previous reference a time where
the Wi-Fi station was in power save mode, as can be seen in
line 9 in Algorithm 1.

packet (bits) received in the

last interval
5 – estimate peak rate()
6 lower bound ←

∆t
(N + 1)M T U
→ Rbott ≤
N +1
∆t
∆t
(N − 1)M T U
≤
→ Rbott ≥
N −1
∆t

of data (bits) received since last

update

EĨƌĂŵĞƐƌĞĐĞŝǀĞĚ
K^Wсϭ
ƚŝŵĞ

rcvd datapeak −f irst pkt size
tnow −t lastpeak

7 peak rate ← max{peak rate, lower bound}
8 if !ActiveM ode then
9
t lastpeak ← tnow
10
rcvd datapeak ← 0

3.2 A trigger interval adaptation algorithm
We now describe how BA-TA controls the trigger interval
used by a Wi-Fi station in power save mode. Our trigger
adaptation algorithm is essentially a proportional controller
[26], that controls the station’s trigger interval in order to
stabilize the connection’s throughput around a configurable
operation point. This operation point is an input to the algorithm, specified in terms of the desired ratio between the
connection’s throughput and the bottleneck peak rate, i.e.
0 < ratiomin < 1. Our detailed algorithm is described in
Algorithm 2, and is summarized next.
A Wi-Fi station implementing BA-TA maintains two estimates: i) a peak rate estimate provided by our bottleneck
bandwidth estimation algorithm, and ii) an estimate of the
instantaneous connection throughput, instant thr. This estimate is updated using an Exponentially Weighted Moving
Average (EWMA) filter with weighting factor α (line 19 in
Algorithm 2).
A BA-TA station executes Algorithm 2 at regular intervals (every Tupdate ), in order to update the peak rate15 and
instant thr estimates. In addition, after countmax consecutive estimation updates, BA-TA evaluates whether the currently used trigger interval is appropriate. Notice that the
configurable countmax parameter enables BA-TA to use different intervals to update the throughput estimates, and the
used trigger interval.
In order to update the used trigger interval, BA-TA uses
a proportional law. For this purpose, it computes ratio =
instant thr
peak rate as the currently used fraction of bottleneck bandwidth (line 20), and compares it to the input value ratiomin .
Specifically, BA-TA updates the used trigger interval in the
following way (line 31):

interval(n + 1) = (1 + G(ratio − ratiomin ))interval(n)
15

Notice that the peak rate estimate is only updated here when the
station is in active mode, because in this case the station does not generate triggers and does not receive frames with EOSP=1.
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(9)
Where G is the gain used in the control law, and ratio −
ratiomin can be understood as the current error incurred by
the controller. Notice in Equation 9 that when ratio is below
ratiomin , the trigger interval decreases, which reduces the
RT T experienced by the TCP connection and should improve throughput. In addition, when ratio is above ratiomin
the trigger interval increases, which is more energy efficient.
In the Appendix it is formally shown that this controller converges with no steady state error when 0 < G < ratio2min .
In addition, the trigger interval is only allowed to vary between a maximum and minimum trigger intervals, intmin
and intmax (line 42), which are also inputs to the algorithm
that can be configured according to the characteristics of
each particular Wi-Fi chipset.
Having described the basic operation of BA-TA, there
are several issues that have to be considered in a practical
implementation. The first of these issues, is how to appropriately switch the station between active mode and power
save mode. Notice that as seen in Section 2, being in active
mode can potentially result in a big energy waste, therefore
BA-TA should configure a station in active mode only when
there is a clear throughput gain in doing so. BA-TA uses the
following heuristic for this purpose:
– Enter active mode: If the interval selected in Equation
9 is below the minimum allowed interval (intmin ), and
the average ratio increase experienced when the station
is in active mode, ∆ˆratioAM , is significantly16 above the
average ratio increase when the station is in power save
mode, ∆ˆratioP S , (line 36).
– Leave active mode: Under two conditions. First, if ratio
is below ratiomin , but being in active mode is not effective, i.e. ratio does not increase in at least a minimum amount (γ) (line 40). Second, when ratio is above
ratiomin , i.e. we have achieved the desired throughput,
and the station is not saturating the network, i.e. utillast ≤
utilmin (line 33). Recall from Section 2 that staying in
active mode is effective while the station saturates the
Wi-Fi network. Therefore, while in active mode a BATA station tracks whether its traffic is saturating the WiFi network by measuring network utilization as the fraction of used time during the last Tupdate period (line 16).
For further details on how to measure network utilization in a Wi-Fi station, the interested reader is referred
to [24].
The ∆ˆratioAM and ∆ˆratioP S estimates are also obtained
with an EWMA filter of weighting factor α, and allow BATA to measure the effect that being in active mode or in
ˆratio
ˆratio + |∆
ˆratio | as a heuristic way
We force ∆
>∆
AM
PS
PS
to ensure that switching to active mode is indeed significantly better
than operating in power save mode (line 37).
16

Algorithm 2: BA-TA executed every Tupdate
1
2
3
4
5
6
7
8
9
10
11
12

– Algorithm Parameters
Tupdate ← Interval between algorithm executions
ratiomin ← Desired operation point
intmin , intmax ← Minimum and maximum trigger intervals
countmax ← Consecutive events between updates
Nmax ← Maximum number of attemtps
G ← Controller gain
α ← Weights used in the EWMA averages
γ ← Comparison margin on ∆ratio
n trigmax , stepmin ← Avoid too agressive intervals

– Variable definitions
rcvd dataint ← Amount of data (bits) received since last
update
13 t lastint ← Last time the algorithm executed

14
15
16

– update trigger interval()
if ActiveM ode then
utillast ←

T X time+RX time+Backof f T ime
Tupdate

if tnow > t lastpeak + Tupdate then
estimate peak rate
rcvd dataint
19 instant thr ← α × instant thr + (1 − α) t
now −t last
17
18

int

thr
min{ instant
, 1}
peak rate
21 if peak rate, instant thr > 0 and n trigs < n trigmax then
22
count ← count + 1
23
if ratio − ratiolast < −2γ then

20 ratio ←

24
25
26
27
28
29
30

count ← countmax

if ActiveM ode then
ˆratio
ˆratio
∆
← α∆
+ (1 − α)∆ratio
AM
AM
else
ˆratio
ˆratio + (1 − α)∆ratio
∆
← α∆
PS
PS
if count = countmax then
count ← 0, ∆ratio ← ratio − ratiolast ,
ratiolast ← ratio

31

interval ← (1 + G(ratio − ratiomin ))interval

32
33

if ratio ≥ ratiomin then
if ActiveM ode = true and utillast ≤ utilmin
then
Leave active mode
else
if ActiveM ode = f alse and
interval < intmin and rcvd dataint > 0 then
ˆratio
ˆratio + |∆
ˆratio | or
if ∆
>∆
AM
PS
PS
nAM = Nmax − 1 then
Enter active mode
nAM ← (nAM + 1) mod Nmax
if ActiveM ode = true and ∆ratio < γ then
Leave active mode
interval ← max{min{interval, intmax }, intmin }

34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

else if rcvd dataint = 0 or n trigs ≥ n trigmax then
ratiolast ← ratio

if ActiveM ode then
Leave active mode
else
interval ← min{interval + stepmin , intmax }

49 else
50
interval ← intmax
51 n trigs ← 0, rcvd dataint ← 0, t lastint ← tnow
52 T X time, RX time, Backof f T ime ← 0
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power save mode has on the experienced throughput (lines
25 to 28). Notice however, that the previous estimates may
contain innacuracies. For instance, if while being in active
mode TCP suffers a loss and decreases its congestion window, BA-TA may observe a decrease in throughput and may
wrongly believe that being in active mode is not efficient.
Thus, in order to avoid BA-TA from getting permanently
stalled in a sub-optimal configuration, a switch to active mode
is always allowed after Nmax refrained attempts (line 37). In
addition, if a sudden17 decrease in ratio is detected, BA-TA
quickly updates the used trigger interval (line 23).
Finally, another issue to consider in BA-TA is the fact
that certain applications, like Web, may simply not offer
enough load to achieve the desired bottleneck link utilization, i.e. maintain ratio above ratiomin . The previously described logic would in this case drive a Wi-Fi station to use
aggressive trigger intervals, or even switch to active mode,
which is undesirable from an energy point of view. In order to prevent the previous from happening, BA-TA limits
the maximum number of triggers that a station can send to
the AP without receiving any data in return (n trigmax ). If
that limit is surpassed, BA-TA considers that the used trigger
interval is too small and immediately increases it by a preconfigured amount (stepmin ) (lines 43 to 48). Additional
optimizations for TCP Streaming will be discussed in the
next section.

4 BA-TA Performance Evaluation
In this section we evaluate the performance of BA-TA and
study the effect of its configurable parameters. This section is divided in three sub-sections: i) a first sub-section
illustrating the basic dynamics of BA-TA, ii) a second subsection studying how to configure the different BA-TA parameters, and iii) a final sub-section that extensively evaluates the performance of BA-TA compared to other algorithms in the state of the art. For the purpose of this evaluation, we consider only the Fast Wi-Fi configuration defined
in Section 2. This configuration poses a bigger challenge to
BA-TA because, as previously seen, it delivers the best energy efficiency, but results in the highest throughput degradation when used with Wi-Fi PSM.
Unless otherwise stated, BA-TA is configured in the following way. The maximum and minimum trigger intervals
are set to intmax = 100ms, which is equivalent to the operation of Wi-Fi PSM, and intmin = 20ms, which is a
trigger interval commonly used by current Wi-Fi chipsets
with Voice traffic [5]. The update interval, Tupdate , is set to
100ms, which is a convenient value that allows to synchronize the operation of BA-TA with other periodic operations
17
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done by a station, like receiving the Beacon frame. The parameters α and γ are empirically set by testing the behavior
of BA-TA in our scenarios of interest. The weight α used in
the EWMA filters is set to α = 0.9. Finally, The parameter γ is set to γ = 0.1, which results in BA-TA requiring a
10% increase in ratio when being in active mode (line 40 in
Algorithm 2), and forcing a sudden interval update if ratio
decreases by more than a 20% (line 23 in Algorithm 2).
The effect of the rest of BA-TA parameters, i.e. ratiomin ,
the controller gain G, the update interval countmax , the parameter Nmax , and the parameters n trigmax and stepmin ,
will be studied in this section.

4.1 Basic Dynamics of BA-TA
Figure 10 depicts the dynamics of BA-TA when a Wi-Fi station retrieves a 50MB file from the Internet. We start our
analysis by looking at Figure 10(a) that illustrates the BATA dynamics in the Fast DSL scenario with ratiomin = 0.9
(upper graph) and ratiomin = 0.7 (lower graph). The value
of the rest of configuration parameters is included on the top
of each figure. Notice that a double y-axis is used in the figure, where the left y-axis plots the trigger interval used by
BA-TA while retrieving the file (black line), and the right yaxis plots the bottleneck rate (red line) and the instantaneous
throughput (blue line) estimated by BA-TA.
We can see in Figure 10(a) how BA-TA operates with
an interval of 100ms until the file transfer begins. From that
point on, BA-TA starts adjusting the trigger interval (black
line) in order to drive the obtained throughput (blue line)
around the desired utilization level, i.e. ratiomin ×peak rate
(purple dashed line). After a transient period, BA-TA converges around the configured throughput, requiring, as expected, a smaller trigger interval for ratiomin = 0.9 (upper graph) than for ratiomin = 0.7 (lower graph). In the
Appendix it is formally shown that BA-TA converges to a
trigger interval that is proportional to ratio1min . After the file
transfer completes, BA-TA switches off and the station returns to wake up only at every Beacon frame.
The upper part of Figure 10(b) illustrates now how BATA behaves in the Wi-Fi Bottleneck scenario. We can see
that after an initial transient period, TCP manages to saturate the Wi-Fi network and therefore BA-TA configures the
station to operate all the time in active mode (signaled in
Figure 10(b) with the black line being zero), which as seen
in Section 2 is the most efficient operation mode in this case.
For the sake of space we do not report the dynamics of
BA-TA in the Slow DSL scenario, where BA-TA delivered
the bottleneck throughput using the maximum trigger interval, i.e. intmax = 100ms. Instead, the lower part of Figure
10(b) depicts the dynamics of BA-TA with Web traffic. Web
traffic is modeled using HTTP 1.1 where the Wi-Fi station
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Fig. 11 Effect of BA-TA parameters. The upper graph depicts the Fast DSL scenario, and the lower graph the Wi-Fi Bottleneck scenario. In
addition, notice that the depicted throughput and energy metrics are normalized. A value of ratiomin = 0.9 is used in these experiments.

establishes a persistent TCP connection with the Web server
in Figure 1, and retrieves all the objects in a Web page in
a sequential way. A Web page is modeled according to the
statistics provided in [22].
The figure depicts the interval used by BA-TA while retrieving three Web pages, where the value of RT Tbase between the AP and the Web server in Figure 1 is set to 150ms,
i.e. there is a latency of at least 150ms between two consecutive Web page objects retrieved from the Web server. Interestingly, the interval used by BA-TA in this case converges
to a value around 35ms. The reason is the following. We
configured in this scenario n trigmax = 4 and stepmin =
Tupdate
Tupdate
10ms, recall now that if n trig
,
≤ interval ≤ n trig
max
max −1
and the application does not offer enough load, e.g. Web,
BA-TA may receive n trigmax empty triggers within a Tupdate
interval and will increase the used trigger interval by stepmin
(line 48 in Algorithm 2). Therefore, the used interval must
Tupdate
Tupdate
+
and n trig
converge to a value around n trig
max
max −1

stepmin . The previous fact can be used as a configuration
guideline for the parameters n trigmax and stepmin , which
we hereafter configure as n trigmax = 4 and stepmin =
10ms.

4.2 Effect of BA-TA Parameters
We divide the study of the effect of the BA-TA parameters
in two different parts. First, we benchmark the effect of the
BA-TA parameters when a station retrieves a file from the
Internet. Second, we study the effect of these parameters in
a scenario where multiple flows share the bottleneck link.
4.2.1 Effects on a Single Flow
Figure 11 depicts the results of a set of experiments, where
the evaluation methodology described in Section 2 is ap-
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plied, while varying different BA-TA parameters. In particular, the following three experiments are shown:
– Exp. 1: Configure G = 0.1, 0.5, 0.9, which according
to the analysis in the Appendix should guarantee monotonic convergence, while fixing countmax = 10 and
Nmax = 5 (Figure 11(a)).
– Exp. 2: Configure countmax = 5, 10, 20 while fixing
G = 0.5, and Nmax = 5 (Figure 11(b)).
– Exp. 3: Configure Nmax = 2, 5, 8 while fixing G = 0.5,
and countmax = 10 (Figure 11(c)).
For the sake of space Figure 11 only depicts the results
of our Buffer Experiment for the Fast DSL (upper graph) and
Wi-Fi bottleneck (lower graph) scenarios. In addition, the
depicted throughput (solid lines) and energy (dashed lines)
performance are normalized to the maximum throughput and
minimum energy achieved by the algorithms considered in
Section 2 for the same experiment, i.e:
T hrBA−T A
max{T hrActive , T hrP SM }
min{Enrg
Active , EnrgP SM }
ˆ =
Enrg
EnrgBAT A
T ˆhr =

(10)
(11)

Thus, ideally BA-TA would provide a performance for
both indexes with a value as close as possible to 1, or bigger.
The following guidelines are identified from Figure 11.
First, a too small value of the controller gain, G < 0.5,
degrades throughput performance because the transient period takes too long in this case. Second, big values of Nmax
or countmax slightly degrade the throughput achieved by
BA-TA in the Wi-Fi Bottleneck scenario. The reason is that
BA-TA often switches to active mode in this case, and if it
gets stalled in a suboptimal configuration, due to a misestiˆratioAM or ∆ˆratioP S , a time equal to Nmax ×
mation of ∆
countmax × Tupdate seconds is required to recover. Thus,
smaller values of Nmax and countmax allow BA-TA to recover earlier. Regarding energy, BA-TA is always equal or
better than the most energy efficient algorithm.
The trends exhibited in this section by the different BATA parameters have been confirmed in other experiments
where we considered multiple concurrent flows. For the sake
of space though, we do not include these results here.
4.2.2 Effects on Sharing Scenarios
We evaluate now the performance of BA-TA in scenarios
where a Wi-Fi station running BA-TA shares the bottleneck
link with another station, which we configure to be in active mode since this should be the most common situation
in practice. The goal of this section is to show that a station
running BA-TA is able to share a bottleck link with an active
mode station, without any station starving.
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Figure 12(a) depicts an example where a station using
BA-TA and a station in active mode share, between 230 and
300 seconds, the DSL link in the Fast DSL scenario. Notice that in this case, BA-TA’s proportional law drives the
power saving station towards using small trigger intervals
or switching to active mode, because the power saving station’s throughput can not reach the configured fraction of
the bottleneck peak bandwidth (because the link is shared).
However, being in active mode is not efficient in this case,
ˆratioAM is not significantly bigger than ∆ˆratioP S , and BA∆
TA switches the power saving station between active mode
and power save mode. Notice that it is possible to control
in these sharing scenarios how often a power saving station
switches to active mode by adjusting the parameter Nmax ,
because BA-TA always enters active mode after Nmax refrained attempts. Finally, when the flow from the station in
active mode completes, after 300 seconds, BA-TA quickly
returns to its normal operation.
Figure 12(b) depicts, between 300 and 350 seconds, an
effect that occurs when a station in power save mode receives a flow through the DSL link, while another Wi-Fi
station in active mode is retrieving a file from an Ethernet
network behind the AP. Interestingly, if the power saving
station uses Wi-Fi PSM (purple line), its throughput reduces
to almost zero while the station in active mode is retrieving its file. This unfairness occurs because the flow from the
station in active mode saturates the Wi-Fi network. Thus,
when the station in power save mode wakes up and sends
a trigger to the AP to retrieve its buffered frames, the AP
dequeues a frame from the power saving buffer but often
can not transmit it because the AP’s transmission queues are
full with packets from the station in active mode. This unfairness could be avoided by deploying enhanced scheduling
algorithms in the AP, however these algorithms are generally
not implemented in existing APs. Instead, notice in Figure
12(b) that BA-TA avoids the previous unfairness regardless
of the scheduling strategy used in the AP, by maintaining the
power saving station most of the time in active mode while
the other flow is active.

4.3 BA-TA Extensive Evaluation
In this section we present and extensive evaluation of the
performance of BA-TA. This section is composed of a first
subsection, where we use the evaluation setup described in
Section 2 in order to benchmark the performance of BA-TA
compared to other algorithms in the state of the art. In addition, in a second subsection, we study the performance of
BA-TA as the number of stations contending for the wireless medium increases, and in a third subsection we study
the performance of BA-TA with TCP Streaming and Web
browsing.
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Throughout this section and based on the insight obtained in Section 4.2 we configure BA-TA in the following way: ratiomin = 0.9, G = 0.9, countmax = 10,
Nmax = 3, n trigmax = 4 and stepmin = 10ms.

4.3.1 Benchmarking the performance of BA-TA
Figure 13 reports the performance delivered by BA-TA in
the Buffer and RTT experiments defined in Section 2 for the
Slow DSL, Fast DSL and Wi-Fi Bottleneck scenarios, where
we have used the previously defined normalized throughput
ˆ In addition, to put
and energy metrics, i.e. T ˆhr and Enrg.
BA-TA’s performance in perspective, the graphs also depict
the normalized throughput obtained by the Wi-Fi PSM algorithm, the normalized energy obtained by the Active Mode
algorithm, and the normalized throughput and energy obtained by the PSM-Throttling (PSM-T) algorithm defined in
[10].
As observed in Figure 13, BA-TA delivers a very good
performance, i.e. both normalized metrics are close or above
1, for all considered scenarios and parameter range. Only
when RT Tbase increases significantly or very small buffers
are considered in the Wi-Fi Bottleneck scenario, BA-TA struggles to match the Active Mode throughput, but still clearly
outperforms Wi-Fi PSM in terms of throughput and Active

Mode in terms of energy18. Therefore, we would like to notice that an important property of BA-TA is its ability to be
energy efficient and to deliver a high throughput when the
amount of buffering in the bottleneck is small, which is important to combat Bufferbloat [19].
PSM-T delivers in the previous experiments a performance, both in terms of throughput and energy, that is very
similar to the one of the Active Mode algorithm. The reason for this behavior is the following. The energy efficient
operation of PSM-T only comes into effect after an initial
bandwidth estimation phase where PSM-T checks whether
the end to end rate delivered by the application is at least half
the available end to end bandwidth, i.e. if the application is
throttling itself down as many streaming servers do. The previous does not happen when having a file transfer because
TCP greedily uses all the available bandwidth, thus in our
experiment PSM-T did not detect bandwidth throttling and
defaulted back to Active Mode. Therefore, when considering bandwidth greedy applications, BA-TA improves upon
PSM-T because BA-TA obtains enegy savings from the excess bandwidth offered by the last hop (Wi-Fi) over the end
to end available bandwidth, while PSM-T requires an excess
18

Notice that with a big RT Tbase , the parameters n trigmax and
stepmin could be adjusted to trade off throughput and energy, as explained in the case of Web.
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Fig. 14 Performance of BA-TA, Active Mode and Wi-Fi PSM when increasing the number of competing flows.

of bandwidth not only in the last hop but across all the end
to end path in order to achieve energy savings. In section
4.3.3 we will compare the performance of BA-TA and PSMT when non bandwidth greedy TCP streaming applications
are used.
4.3.2 Effect of congestion on BA-TA
We have so far studied the performance of BA-TA compared
to other approaches in the state of the art when the number of stations in the network is small (one or two stations).
In this section we want to asses whether the performance
advantages exhibited by BA-TA still hold when we increase
the number of competing flows in the Wi-Fi network. For
this purpose we consider again our Fast DSL and Wi-Fi Bottleneck scenarios and analyze the throughput and energy efficiency delivered by the Active Mode, Wi-Fi PSM and BATA algorithms when the number of competing stations in
the network increases from 1 to 10 (each station retrieving a
50MB file from the file server in Figure 1). Next we report
the results of an experiment where the amount of buffering
in the DSLAM and in the AP are equal to 60 packets and
RT Tbase is equal to be 50 ms. We have however confirmed
the obtained results for other buffer size and RT Tbase values.
Figure 14(a) depicts the performance obtained in the Fast
DSL scenario, both in terms of average file transfer throughput (upper subgraph) and average energy consumption (lower
subgraph). As clearly seen in the figure, when the number of
stations in the network increases, BA-TA continues to deliver
a throughput very close to the one obtained by Active Mode,
which is significantly higher than the one delivered by WiFi PSM specially when the number of competing flows is
small. Notice that when the number of competing flows increases, the bandwidth share of each flow decreases and so

the degradation introduced by Wi-Fi PSM is not so significant, as we had already seen in the Slow DSL scenario. Regarding energy efficiency, we can see how the performance
of BA-TA compares to the one of Wi-Fi PSM and is significantly better than the one of Active Mode. The reason for
this behavior is that, as previously observed in Figure 12(a),
when several flows implementing BA-TA share the bottleneck link, no single flow can achieve the bottleneck’s peak
rate and thus BA-TA operates with reduced trigger intervals
that increase throughput compared to Wi-Fi PSM. In addition, BA-TA avoids keeping the station in active mode for a
long time and thus, unlike the Active Mode algorithm, BATA turns out to be energy efficient. Notice that as the bandwidth share of each flow decreases, stations spend more time
idle without transmitting or receiving and so Active Mode
results in wasted energy.
Finally, Figure 14(b) depicts the performance obtained
when increasing the number of competing flows for the WiFi Bottleneck scenario. The performance in this case is similar to the one obtained in the Fast DSL scenario, with BA-TA
achieving a throughput close to the one of Active Mode and
much higher than the one of Wi-Fi PSM. Regarding energy,
BA-TA continues to be the most energy efficient algorithm,
due to its ability of switching a Wi-Fi station into active
mode only when by doing so a station can saturate the Wi-Fi
network.

4.3.3 BA-TA Performance with TCP Streaming and Web
Browsing
Although the focus of BA-TA has been on long lived TCP
transfers, we study in this section how BA-TA performs with
TCP Video Streaming and with Web browsing as compared
to other algorithms in the state of the art.
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Fig. 16 BA-TA performance with Web Traffic. The Web traffic model described in Section 4.1 is used in this experiment.

In order to study the performance TCP Streaming we
model the block sending TCP streaming delivery mechanism used by YouTube [16], where an initial portion of the
video file is sent at the maximum speed to allow the client
to build its playback buffer19, and for the rest of the video
file the application throttles iself down and transmits at the
media encoding rate. In particular we will study how the
algorithms under study perform both in terms of streaming
throughput and energy efficiency when varying the media
encoding rate between 300 Kbps and 3.5 Mbps, using values that represent different YouTube profiles [28]. For the
sake of space we only report the results obtained in the Fast
DSL scenario, although similar results were obtained for the
Slow DSL and Wi-Fi Bottleneck scenarios. The algorithms
considered in our study are: Active Mode, Wi-Fi PSM, BATA, PSM-T and BA-TA+Str, that is BA-TA with an optimization for TCP Streaming that will be described later.
Figure 15(a) illustrates the performance of the algorithms
under study, where we can see that all protocols are able to
deliver the required streaming rate, except for Wi-Fi PSM
when the media encoding rate is large. The reason why WiFi PSM is not able to deliver the maximum media encoding
rate is its higher delay that is always rounded up to a multiple
of the Beacon interval. Regarding energy efficiency, Figure
15(b) depicts how the Active Mode algorithm is the worst
performing algorithm followed by BA-TA, while PSM-T, WiFi PSM and BA-TA+Str, perform in a much more energy
efficient way. The reason why BA-TA penalizes energy effi19

We use 10 seconds of buffer in our experiments

ciency in the case of TCP Streaming is that the application
does not offer enough load to saturate the DSL link, however having configured ratiomin = 0.9 BA-TA often tries
to reduce the used trigger interval, and even switches the station to active mode, in order to try to increase the obtained
throughput. A simple optimization though, can be built on
top of Algorithm 2 that optimizes the behavior of BA-TA
with TCP Streaming. If during a given duration, that we configure to be five seconds like in the PSM-Throttling bandwidth estimation algorithm [10], BA-TA observes that even
when reducing the trigger interval or switching to active
mode the experienced throughput remains stable, then when
computing ratio (line 20 in Algorithm 2) BA-TA replaces
the estimated bottleneck bandwidth with the estimated application throughput. This optimized version of BA-TA is
depicted in Figure 15 as BA-TA+Str.
Finally, Figure 16 illustrates the performance of Web
traffic. In this case we consider the Active Mode, Wi-Fi PSM
and BA-TA algorithms, since the PSM-T algorithm was not
designed for Web traffic. Figures 16(a) and 16(b) illustrate
respectively the average Web page download time and the
average energy consumption per Web page, when a Wi-Fi
station uses the different algorithms under study. The same
model for Web traffic used in Section 4.1 is used here. Since
Web traffic is mostly affected by latency, we only report the
results obtained in the RTT experiment for our Fast DSL scenario. We can see in Figure 16(a) and 16(b) how BA-TA is
able to deliver Web page download times similar to the ones
of the Active Mode algorithm, at an energy cost similar to the
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one of Wi-Fi PSM. The reason behind the better performance
of BA-TA are the dynamics depicted in the lower part of Figure 10(b). As illustated in the figure, BA-TA converges to a
trigger interval small enough so that the delay experienced
by the web page significantly reduces compared to Wi-Fi
PSM. In addition, by sleeping between triggers BA-TA can
achieve very significant energy savings. Instead, when Active Mode is used, the Wi-Fi stations spends large periods
of time idle and wasting power while waiting to retrieve the
objects of the web page.

5 Conclusions
Energy efficiency is becoming a matter of capital importance for the Wi-Fi technology to continue with its successful development. In this paper we have studied, by means of
analysis and simulation, the effect that current Wi-Fi power
saving protocols have on the throughput/energy trade-off experienced by long lived TCP traffic. Our study unveils that
the efficiency of Wi-Fi power saving protocols critically depends on the bottleneck bandwidth experienced by a TCP
connection.
Based on the obtained insights, we have designed and
evaluated a novel algorithm, BA-TA, that runs in a Wi-Fi
station, does not require any modification to existing Wi-Fi
standards, and using only information available at layer two,
significantly improves the performance/energy trade-off of
long lived TCP connections, whilst also exhibiting a notable
performance with Web traffic and TCP Streaming.
Several paths for future work may span from the work
presented in this paper. First, we believe that the insights
obtained in our study and the developed models may also be
applicable to other MAC technologies that actively buffer
data frames, like cellular technologies with power saving
capabilities, e.g. WiMAX or LTE, or even optical networks
like xPON. Second, while having presented a thorough simulative evaluation in this paper, the performance of BA-TA
needs to be assessed in real hardware. Third, given the multiple power saving algorithms existent in the state of the art
that target different traffic types or applications, a generic
solution is needed for mobile devices to be able to identify
the ongoing traffic at layer two and accordingly select the
appropriate algorithm. Finally, another matter that deserves
further study is to understand how the different power saving algorithms affect the fairness interactions between TCP
flows in active mode and TCP flows in power saving.
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Thus, when 0 < G < ratio2min the controller is stable
and the selected interval converges to:

Appendix
In order to simplify the analysis while capturing the essence
of the controller used in BA-TA we abstract the behavior of
TCP in the following way. We notice that the RTT experienced by a TCP connection depends on the trigger interval
in BA-TA, int(n). Therefore, we assume that between interval updates in BA-TA, a long lived TCP connection delivers
a throughput that is inversely proportional to the trigger inA
, where A is asterval used by BA-TA, i.e. thr(n) = int(n)
sumed to be a constant value in this simplified model (TCP
is assumed to converge within a time equal to Tupdate ×
countmax ), and n represents the n-th update interval of BATA. Under this premise, the ratio value computed by BATA in the n-th interval update can be expressed as:
ratio(n) =

easy to see that int(n + k) has the following convergence
properties as k → ∞:

G ≤ 0 → U nstable


0 < G <
1
ratiomin → M onotonic convergence
1
 ratiomin < G < ratio2min → Oscillatory convergence


G ≥ ratio2min → U nstable

B
thr(n)
=
peak rate × ratiomin
int(n)

Where B is again a constant. Now recall from Equation
8 that the error incurred by BA-TA in the n-th interval update
can be computed in the following way:
error(n) = ratio(n) − ratiomin =

B
− ratiomin
int(n)

We can now see how the proportional controller used in
BA-TA evolves in time, noting that:
int(n + 1) = int(n)(1 + Gerror(n)) =
= int(n)(1 − Gratiomin ) + GB
Where G is the gain used in the control law. Therefore,
it can be proved by induction that:
int(n + k) = int(n)(1 − Gratiomin )k +
+ GB

k−1
X

(1 − Gratiomin )j =

j=0

= (int(n) −
+

B
)(1 − Gratiomin )k +
ratiomin

B
ratiomin

Therefore, when k → ∞ the selected interval converges
as (1 − Gratiomin )k , where 0 < ratiomin < 1. It is then

lim int(n + k) =

k→∞

B
ratiomin

Where, as seen in Figure 9, the selected interval logically converges to a value that is inversely proportional to
ratiomin . In addition, when the algorithm converges the
steady state error is:
lim error(n + k) =

k→∞

B
B
ratiomin

− ratiomin = 0

