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Abstract Traditional rate adaptation solutions for IEEE
802.11 wireless networks perform poorly in congested
networks. Measurement studies show that congestion in
a wireless network leads to the use of lower transmission
data rates and thus reduces overall network throughput
and capacity. The lack of techniques to reliably identify and
characterize congestion in wireless networks has prevented
development of rate adaptation solutions that incorporate
congestion information in their decision framework. To
this end, our main contributions in this paper are two-fold.
First, we present a technique that identi es and measures
congestion in an 802.11 network in real time. Second, we
design Wireless cOngestion Optimized Fallback (WOOF),
a measurement-driven rate adaptation scheme for 802.11
devices that uses the congestion measurement to identify
congestion related packet losses. Through experimental
evaluation, we show that WOOF achieves up to 300%
higher throughput in congested networks, compared to
other well-known adaptation algorithms.

I. INTRODUCTION

The use of IEEE 802.11 wireless networks is on the
rise and an increasing number of people depend on a
wireless connection for their Internet access. A recent
survey indicated that about one-third of the Internet
users in the USA obtain connectivity through wireless
networks®. The proliferation of 802.11 networks and
users, however, brings forth its own set of problems.
These are in part due to IEEE 802.11 s use of CSMA/CA
based medium access, wherein all the users share the
medium as a common resource.

A large number of users in a network can lead to
excessive load or congestion and impact network perfor-
mance. A case study of a large WLAN by Jardosh et al.
presented an example of the adverse effects of such con-
gestion [1]. In this network, more than 1000 clients at-
tempted to use the network simultaneously. The network
could not sustain this high load: users obtained unaccept-
ably low throughput, and many users were unable to even
maintain association with the APs. Eventually the net-
work broke down, causing frustration among the users.

One of the causes of the network meltdown was
IEEE 802.11 s rate adaptation scheme, an important
aspect of the protocol that affects network throughput.
In a multi-rate 802.11 network, rate adaptation is

1 http://www.pewinternet.org/pdfs/PIP_Wireless.Use.pdf (Feb 2007).

the operation of selecting the best transmission rate
and dynamically adapting this selection to variations
in channel quality. Measurement studies have shown
that current rate adaptation solutions do not perform
well in congested networks [2], [3]. These solutions,
not designed for operation in congested scenarios,
unnecessarily switch to a lower transmission rate. This
rate switch increases the channel occupation time,
thereby compounding the congestion.

Our goal is to design a rate adaptation scheme that
provides high network performance in both congested
networks and lightly-loaded networks. A preliminary
step required before we can develop a new rate
adaptation scheme is to identify and measure network
congestion levels in real-time. Traditional metrics, such
as network throughput, fail to characterize congestion in
a wireless network because of the locally shared nature
of the medium and the use of multiple transmission rates.
Thus, there is a need for a lightweight measurement
solution that can identify congestion in a wireless
network in real-time. This solution in turn provides
information to the rate adaptation scheme about the
current congestion level and enables an intelligent
decision of what data rate to use for transmission.

In this paper, we present a measurement-driven ap-
proach to the characterization of congestion in wire-
less networks and incorporate this information in the
design of a congestion-aware rate adaptation scheme.
Our two main contributions are as follows. First, we
develop a congestion measurement technique for wire-
less networks to identify congestion in real-time. We
passively measure the channel busy time, the fraction
of time for which the medium is utilized in some time
interval. We evaluate the performance of the technique
in a large WLAN with active users connected to the
Internet. Second, we employ the channel busy time
congestion metric in the design and implementation of
a new rate-adaptation scheme called Wireless cOnges-
tion Optimized Fallback (WOOF). The use of a con-
gestion metric enables the rate-adaptation algorithm to
differentiate between packet losses due to congestion
and those due to poor link quality. Through experi-
mental evaluation in a congested wireless network, we
show that WOOF obtains signi cantly higher throughput
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(up to a three fold improvement) than current solu-
tions.

The remainder of the paper is organized as follows.
Section Il describes the congestion measurement method
and its performance evaluation. We survey existing rate
adaptation schemes in Section Ill. Section IV presents
a performance analysis of rate adaptation schemes
in congested WLANS. Sections V and VI describe
the design and evaluation of the WOOF scheme. We
conclude the paper in Section VII. Throughout the
paper, we use the term data rate to refer to the rate of
transmissions in the wireless network as governed by
the physical layer signal modulation scheme.

II. CONGESTION MEASUREMENT

Congestion in IEEE 802.11 wireless networks may
be de ned as a state where the shared wireless medium
is close to being fully utilized by the nodes, because
of given channel conditions and/or external interference,
while operating within the constraints of the 802.11
protocol [3]. Identi cation of congestion in wireless
networks presents new challenges as compared to wired
networks.

The shared nature of the wireless medium causes a
node to share the transmission channel not just with
other nodes in the network, but also with external
interference sources. Unlike wired networks, where
throughput degradation on a network link is indicative of
congestion, in wireless networks throughput degradation
can occur due to a lossy channel, increased packet
collisions during congestion or external interference. In
addition, throughput of a wireless link is also directly
in uenced by the rate adaptation algorithm through its
choice of transmission data rate. Clearly, if a lower data
rate is in use, the throughput for a given time interval
will be lower than with a high data rate.

For these reasons, the time available to a node
for transmission, governed by the current medium
utilization level, characterizes congestion in a wireless
network better than the observed throughput. Several
studies have proposed the use of medium utilization as a
measure of congestion in the wireless medium [3], [4].
Jardosh et al. show that medium utilization can be used
to classify network state as uncongested, moderately
congested, and highly congested.

In this paper, we implement and evaluate a real-time
congestion measurement technique for wireless net-
works. The technique is passive in nature and measures
channel busy time, the fraction of time for which the
medium was utilized, during some time interval.

A. Channel Busy Time: A Passive Approach

Channel Busy Time (CBT) refers to the fraction of
time for which the wireless channel is busy within a
given interval. As measured at a wireless device, it
includes the time for transmission of packets from the
device, reception of packets, packet transmissions from

neighbors, the delays that precede the transmission of
data and control frames, and environmental noise.

Jardosh et al. outline a method to calculate medium
utilization by adding the transmission duration of all
data, management, and control frames recorded by a
sniffer [3]. However, one drawback of this approach
is that it involves signi cant processing overhead for
each received packet, as it requires snif ng the network
in monitor mode and accounting for transmission
delays of data and ACK packets, and the SIFS and
DIFS intervals that precede frame transmissions.
These complexities make it unsuitable for congestion
identi cation in real-time. In this paper, we present a
practical light-weight implementation of the CBT metric
for 802.11 networks using a feature provided in Atheros
chipset-based devices, and compare its performance
with the technique proposed by Jardosh et al. [3].

To measure the channel busy time, we use the reverse-
engineered Open HAL [5] implementation of the Mad-
Wi driver for Atheros AR5212 chipset radios. Atheros
maintains 32-bit register counters to track medium
busy time and cycle time . The cycle time counter is
incremented at every clock tick and the medium busy
counter represents the number of clock ticks for which
the medium was sensed busy. The medium is considered
busy if the measured signal strength is greater than the
Clear Channel Assessment (CCA). For Atheros radios,
the CCA has been found to be -81dBm [6]. The ratio of
the medium busy time and the cycle time counters
gives the fraction of time during which the channel was
busy. In our implementation we expose an interface in
the /proc lesystem to read the counter values from
the registers periodically at an interval of one second.

Our implementation of channel busy time
measurement is based on the Atheros chipset. As
we show later in this paper, this metric can provide very
useful information for network protocol designers. We
believe that other hardware vendors should also expose
a similar interface and facilitate cross-layered wireless
protocol designs that maximize network performance.

B. Evaluation of Congestion Metric

To evaluate the performance of the proposed
technique, we use as a benchmark the medium
utilization as seen by a sniffer operating in monitor
mode. In order to calculate medium utilization, we use
the methodology proposed by Jardosh et al. to account
for the transmission duration of all management,
control and data frames, along with the SIFS and
DIFS durations preceding each transmission [3]. This
helps determinine the accuracy of our low overhead
implementation of CBT by comparing against a fairly
comprehensive but high overhead mechanism.

Experimental Setup: In our experiments, we use two
Linux laptops equipped with Atheros chipset IEEE
802.11a/b/g cards and an access point to evaluate the pas-
sive Channel Busy Time congestion measurement tech-
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