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Abstract The rapid deployment of wireless mesh net-
works across universities and enterprises, and the perva-
siveness of mobile devices equipped with Wi-Fi
connectivity, has resulted in a scenario wherein end users
have the option to choose from a multitude of access points
at any given location. Moreover, with the increasing
availability of rich online content, there has been a steady
increase in mobile Internet traffic. Since the choice of
access point that a user associates with will directly impact
his performance, it is imperative that there exist an efficient
association control mechanism, in order to enhance the end
user’s experience. As part of this work, we propose Seeker,
a novel framework for association control in wireless net-
works that utilizes “available bandwidth” as the design
metric. The goal of Seeker is to assist the mesh network in
making an intelligent decision regarding which access
point a client should associate with. As part of our scheme,
we implement and evaluate a passive tool to estimate
available bandwidth in wireless networks. We then
describe how we use this tool to implement our association
control scheme, and evaluate it via extensive experiments
on an outdoor testbed. Seeker takes into consideration the
performance of the mesh backhaul, in addition to the
client-to-AP link quality, thereby achieving significant
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1 Introduction

Wireless mesh networks (WMNs) are increasingly
becoming the network of choice for cities [6], universities
[3] and enterprises [23]. Thanks to their significant
advantages in terms of increased coverage, ease of
deployment, and reduced costs, it has become increasingly
common for a wireless user to see multiple wireless access
points (APs) in any given area. According to authors in
[29], high-density population areas have over 300 APs per
square kilometer. In contrast to the case of wireless LANS,
where different APs may belong to different individuals or
organizations, in a mesh network, a user might be able to
hear from multiple APs belonging to the same organiza-
tion. This increased availability of wireless connectivity
has also been complemented by the increasing popularity
of mobile devices such as smartphones, music players, and
e-book readers, which come equipped with Wi-Fi con-
nectivity. The result has been a tremendous surge in mobile
Internet traffic, a large portion of which traverses the high
speed Wi-Fi networks, rather than the bandwidth-con-
strained cellular networks [5, 7].

Given this increasing usage of Wi-Fi based networks, it
is imperative that there exist an efficient association control
scheme to assist the client in selecting the right access
point. This is all the more important for wireless mesh
networks where the client’s traffic will traverse through
multiple wireless hops, and hence, the choice of wireless
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AP will have a definite impact on the client’s performance.
Present day devices such as laptops, and Wi-Fi enabled
smartphones, primarily utilize a signal strength based
mechanism for ranking APs, wherein users associate with
the AP that has the maximum received signal strength
(RSSI). However, several previous studies have already
identified the short-comings of the RSSI-based approach.
Selecting APs merely on the basis of signal strength can
cause increased congestion at few selected APs, thereby
resulting in poor performance for the end users [30].
Moreover, it has been widely studied that signal strength is
not an accurate indicator of channel conditions in a wire-
less network [9]. Therefore, even if the received signal
strength from an AP is high, it may not correctly indicate
the current performance level of that AP. Even though
several solutions have been proposed for association con-
trol and AP selection in 802.11-based wireless LANs
(WLANY5), they suffer from some fundamental limitations.
Existing solutions that utilize different network metrics
such as AP load, estimated throughput, and others, cannot
be applied to mesh networks, which comprise of a multi-
hop wireless backhaul. For example, merely knowing the
round-trip time to the AP with which the client wishes to
associate may not be enough, as the client’s performance
will also depend on the conditions inside the mesh
backhaul.

As part of this work, we identify three main design
considerations for an association control scheme.

1. First, apart from the channel quality of the client-to-AP
link, we also need to be aware of the network
performance within the mesh backhaul. Specifically,
the client needs to be aware of the status of the
network path between the APs of interest and the mesh
gateway node.

2. Secondly, we contend that mesh network itself should
aid in the association process by providing the client
with the necessary network statistics. The network can
keep track of the current link conditions and provide
the client with an accurate image of the network
performance.

3. Thirdly, we propose that the various metrics of interest
should be gathered as efficiently as possible, while
introducing the least possible amount of overheads.
The measurement process should not significantly
impact the network resources, nor result in perfor-
mance degradation for the end user.

Based on the above design criteria, we propose Seeker—
a novel network-assisted association control scheme for
multi-hop wireless networks. Seeker utilizes bottleneck
available bandwidth as the metric for association control.
To this end, we first provide a comprehensive evaluation
of existing available-bandwidth estimation schemes for
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wireless mesh networks. We evaluate the performance of
these schemes in the presence of various factors such as
interference, packet loss, and rate-adaptation, on an out-
door testbed. We show how previous works in this area are
severely lacking in their evaluation of bandwidth estima-
tion tools. We further implement our own passive tool for
bandwidth estimation in wireless networks and demon-
strate its advantages over existing tools and techniques.

We then adopt the passive tool to implement our pro-
posed association control scheme. As part of Seeker, each
node in the mesh network estimates the available band-
width for its respective links and exchanges this informa-
tion with all the mesh nodes along its backhaul route. In
order to avoid the communication overheads, our scheme
utilizes the control packets available as part of the OLSR
routing protocol [2], which is used on our testbed. In this
manner, each mesh AP keeps track of the bottleneck node
along its route to the mesh gateway, and makes this
information available to the client device during the asso-
ciation phase. As the conditions within the mesh network
change, the mesh APs will update their respective infor-
mation, and the client devices will receive this new data
during the next scanning phase. The clients can choose to
re-associate with new APs based on the updated informa-
tion. We perform extensive experiments on our mesh
testbed to evaluate the efficacy of our proposed scheme.
Based on our results, we observed that Seeker, which uses
available bandwidth as the design metric, provides signif-
icant performance improvement for the end user, over
signal strength based association schemes. In brief, we
make the following contributions in this paper:

— We evaluate various existing available bandwidth
estimation tools for multi-hop wireless networks. We
also implement our own passive tool and demonstrate
its advantages over existing schemes.

— We propose Seeker, a new association control scheme
for multi-hop wireless networks. Our scheme utilizes
the passive tool to estimate available bandwidth in
mesh networks, which is shown to provide the maxi-
mum accuracy, and lowest overheads, among the
evaluated tools.

— We evaluate the performance of Seeker via extensive
experiments, for varying scenarios. We provide con-
crete results that demonstrate the advantages of our
scheme over existing schemes based on signal strength.

The rest of the paper is structured as follows. Section 2
outlines the limitations of some previously proposed
available bandwidth estimation schemes and association
control schemes, followed by an overview of the problem
addressed in this paper. In Sect. 3, we describe the
implementation of our passive tool, along with the
comparison results of existing bandwidth estimation
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techniques. In Sect. 4, we outline the architecture of our
association control scheme. The implementation details are
described in Sect. 5, along with the experimental method-
ology and results. Section 6 outlines the related work, and
finally Sect. 7 concludes this paper.

2 Motivation and problem overview
2.1 Limitations of bandwidth estimation tools

While several tools and techniques have been proposed for
measuring the available bandwidth in a network, their
focus has primarily been on wired networks. These tools
lack a thorough evaluation in the realm of wireless net-
works, especially in the multi-hop setting. The passive
tools have mostly been evaluated via simulations only. We
identify the following two primary drawbacks with the
existing solutions:

Measurement accuracy: The probe-based tools [28, 41,
44] are based on certain assumptions such as fixed capac-
ity, and fluid model of cross-traffic, about the underlying
network. However, the contention-based random access
nature of IEEE 802.11 protocol may not conform to these
assumptions. Moreover, it is unclear as to how these tools
perform in the presence of factors such as rate-adaptation,
which are specific to IEEE 802.11-based wireless
networks.

Network overheads: The probe-based tools will involve
some overheads in the measurement process that may
adversely impact the network performance. This problem is
further compounded in wireless networks due to a shared
transmission medium. Previous studies have not focussed
on this aspect of bandwidth estimation.

2.2 Limitations of association control schemes

Several previous schemes have been proposed for associ-
ation control in wireless networks. However, their primary
focus has been on single-hop wireless LANs. Moreover,
many of the proposed schemes have been evaluated only
via analytical methods or simulations, and are based on
approximations that do not conform to a real-world setting.
We identify the following main drawbacks of such
schemes:

Association control metric: Previous works on associa-
tion control and AP selection have proposed using metrics
such as AP load [30], potential bandwidth [14], and TCP
throughput [39]. However, for the case of multi-hop
wireless networks, the client’s performance depends not
only on the channel conditions between the client device
and the AP, but also on the backhaul path between the APs
and the mesh gateway. While it may be easy to obtain the

above mentioned measurements for a single wireless hop,
integrating them over multiple wireless hops may not be
straight forward. Hence, it is necessary to use a metric that
provides an accurate view of the complete path from the
client to the mesh gateway.

Measurement overheads: Several previous approaches
[36, 38, 39] have proposed using probe-based active
schemes to estimate the network conditions for association
control. These approaches can be applied to multi-hop
wireless networks in order to make the clients aware of the
mesh backhaul performance. However, these approaches
suffer from a major drawback. Performing end-to-end tests
that involve data transfer would add overheads in the
wireless network, which will contend with the transmis-
sions of other clients, leading to potential performance
degradation. We aim to minimize the overheads involved
in both the measurement, and reporting, of network data.
Metrics such as ETX [21] and ETT [23] also involve
measurement overheads and are hence not suitable.

Energy considerations: In the last few years, Wi-Fi
based hand-held devices have become extremely popular.
However, these devices are usually resource constrained,
especially in terms of available power. It has been shown in
previous works [24, 25] that transmission and reception of
data via the wireless interface causes significant energy
consumption at the end device. Moreover, sending small
sized probes results in a larger wastage of energy [15] due
to the high cost of keeping the interface up. Hence, we
contend that using probe-based active schemes for
estimating network conditions across multiple APs is
not a suitable approach, as it will cause extra energy
consumption.

2.3 Problem characterization

In order to overcome the drawbacks of existing approaches,
we propose Seeker, a novel association control scheme for
multi-hop wireless networks. An overview of our problem
is depicted in Fig. 1. The figure shows a multi-hop wireless
network in an indoor setting. The network comprises of
pre-existing clients that are generating some background
traffic. A new client arrives and can associate with one of
the several possible choices of APs. From the end user’s
perspective, the AP that can provide the best end-to-end
throughput or delay will be the best choice. However, from
the network’s perspective, we may also be interested in
evenly distributing the traffic across the network, to
achieve better network utilization. In order to help
the client in making the right decision, we propose that the
mesh network should provide the client device with the
necessary information regarding the network status. For
our scheme, we use available bandwidth as the decision
metric, as it incorporates both the performance, and the
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Fig. 1 Problem Overview. A mobile user has the option to choose
from multiple APs

load-balancing, factors. Instead of ranking the APs in order
of received signal strength, we propose to rank the APs
based on their bottleneck available bandwidth values. The
AP that provides a backhaul path with the minimum bot-
tleneck available bandwidth will be given the highest rank.

Our proposed scheme addresses the previously mentioned
design challenges and drawbacks in the following manner:

Design metric: We use bottleneck available bandwidth as
the design metric for our association control scheme. As is
shown in later sections, available bandwidth incorporates
both the link conditions and the network load, thereby pro-
viding us with an accurate metric for association control.

Measurement overheads: We use a passive technique to
estimate available bandwidth in the mesh network, thereby
avoiding any measurement overheads. Further, we utilize
existing control packets in the network to disseminate the
necessary information, thereby reducing the communica-
tion overheads as well.

Energy efficiency: By avoiding any active scanning or
probing on part of the end user, we help conserve power on
mobile devices. This is especially important with the
prevalence of Wi-Fi enabled devices such as PDAs, e-book
readers, and music players.

We first describe the implementation and evaluation of
our passive bandwidth estimation tool, followed by the
description of our association control scheme.

3 Estimation of available bandwidth
3.1 Passive bandwidth estimation tool

Our passive bandwidth estimation technique is based
on the concept of monitoring the channel for packet
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transmissions and using this information to calculate the
channel utilization. Consider a wireless network with RTS/
CTS disabled. For each packet transmission, the sender has
to wait for DIFS amount of time (Tp;rg), followed by
which the sender will transmit the preamble and the PLCP
header. After this, the actual data packet is transmitted
(Tpata)- The receiver waits for a SIFS (Tg;z5) amount of
time and then transmits the link-layer ACK (74cx) for the
packet. The transmission may also involve some random
back-off time (Tpackop), giving the following equation:

t = Tpirs + Trackoff + Tpata + Tsirs + Tack (1)

For a given choice of protocol (802.11 a/b/g), all the

values are fixed, except for the back-off time and the data
transmission time. The data transmission time depends on
the frame size and the modulation rate (physical data rate)
used. [1] lists the various parameter values associated with
802.11a scheme (which is used in our testbed). The idea
behind the passive scheme is for each node to monitor the
channel and listen for ongoing packet transmissions. For
each packet that a node hears, it calculates the total
transmission time based on the frame size and the data rate
used to transmit the packet. Thus, each node can estimate
the channel utilization (), and multiplying the
complementary of this quantity (1 — p) by the capacity
of the channel gives us an estimate of the available
bandwidth:
BW:(I—M)XC:(l—%)xC 2)
where ¢ is the total time for which the channel was busy
(Eq. 1), in a sampling period of 7. The capacity (C) of the
channel can be estimated by using tools such as Pathrate
[31]. Table 1 lists the capacity estimates for our testbed for
various transmission rates. It should be noted that in
wireless networks, the capacity of a link may also vary
over time. We can capture this variation by periodically
measuring the capacity of the network. The periodicity of
capacity measurement will be dependent on the network
environment. Further implementation details of our tool are
provided in [26].

While the above technique can be used to estimate the
available bandwidth for each individual node, further
modifications are required in order to calculate the avail-
able bandwidth for a wireless link between two nodes. In
[48], the authors have discussed the importance of esti-
mating the overlap probability of the “free” channel time

Table 1 Capacity estimates (Mbps) for outdoor testbed for 802.11a
transmission rates

Trans. Rate 6 9 12 18 24 36 48 54
Cap. 405 66 71 71 72 13 73 13
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between two nodes, in order to obtain accurate estimates.
In order to achieve this, the channel busy time at each node
is divided into two components. We have the BUSY time
(Tp) during which a node is transmitting or receiving data,
and the SENSE BUSY time (7%), during the which the node
can sense transmissions from other nodes, but is not
involved in any transmission or reception itself. Hence,
Eq. 2 can be modified as:

Tp+ T
BW:(lf%

)x C (3)
If the two nodes have similarly overlapping periods of
IDLE, BUSY, and SENSE BUSY times, then we can use
Eq. 3 to estimate the available bandwidth on the link
between the two nodes. However, if these time periods are
non-overlapping, then the actual bandwidth will be less
than the estimated bandwidth. In order to integrate this in
our bandwidth estimation scheme, we use the approach
outlined in [48]. For two nodes a and b, let p; (p») be the
probability that node a (node b) is in the SENSE BUSY
(IDLE) state and node b (node a) is in the IDLE (SENSE
BUSY) state. Also, let T’g be the time for which node i is in
SENSE BUSY state in the interval 7. Then we have the
following estimates of each node’s available bandwidth:

Ty + T¢ % (pa x T4/T)

BW, = (1 7 ) x C (4)
BWb:(l_TngTibxg{;l ng/T))xC )

Hence, the available bandwidth for the link between
nodes a and b is given by:

BW,, = min(BW,, BW,,) (6)

3.2 Comparison of existing tools

Apart from the passive tool that we implemented, we
selected four existing probe-based tools: Pathload [28],
Spruce [44], PathChirp [41], and PTR [27]. These tools are
representative of the various bandwidth estimation tech-
niques proposed so far. Pathload and PathChirp use the
probe-rate model to estimate available bandwidth. They are
based on the concept of self-induced congestion, wherein
they estimate the available bandwidth by searching for the
turning point at which the probe sending and receiving
rates start matching. Spruce and PTR are based on the
probe-gap model and they estimate available bandwidth
based on the time gap between the arrivals of two suc-
cessive probes at the receiver.

A preliminary comparison study of these tools appears
in [26], where we evaluated these tools in a controlled
setting on an indoor testbed. As part of this work, we
extend our study by performing a more detailed evaluation

of these tools on an outdoor testbed, in an uncontrolled
setting. The evaluation methodologies and metrics are the
same as ones used in our previous work [26].

Evaluation testbed: Our testbed is deployed in a wildlife
reserve [4]. The outdoor testbed consists of about thirty
nodes spread over two thousand acres of forest land. The
wireless nodes in our testbed support both 802.11b/g and
802.11a modulation schemes. This testbed has the advan-
tage of being free from any external interference in the
region. We use the OLSR routing protocol for normal
operation, but also have the option of statically configuring
the routes. The hardware consists of Soekris net4826
embedded devices running a customized version of Linux.
We use the open-source Madwifi wireless device driver on
these nodes. Our testbed also supports ecological research
in the area and the traffic comprises of audio and video data
generated by sensors deployed in the network. This traffic
is generated periodically at a fixed rate and uses fixed sized
packets.

3.2.1 Impact of interference

Figure 3 shows the results for the single-hop case (link 1-2
in Fig. 2) for various IEEE 802.11a transmission rates. We
observed that the measured estimate (referred to as the
“actual” estimate) saturated with increasing transmission
rate. Our passive tool returned fairly accurate estimates.
The other tools under-estimated the available bandwidth,
especially for higher transmission rates. This happens
because due to the random access nature of IEEE 802.11
protocol, the initial probe-gap for these tools is high, which
translates to a low initial sending rate. As a result, the tools
do not ramp up their sending rate enough, and hence under-
estimate the available bandwidth. PathChirp provided more
accurate estimates (average of 12% error) due to its ability
to change the sending rate in the middle of a packet train.
The passive tool returned the most accurate estimate
(within 6% of the actual estimate).

3.2.2 Impact of cross-traffic

We also investigated the behavior of these tools in the
presence of cross-traffic. While interference is caused by
transmissions on neighboring links, cross-traffic refers to
packets flowing between the same two nodes on which the
bandwidth estimation is being performed. In order to study
the responsiveness of the tools to cross-traffic, we use the
D-test [44]. We first measure the available bandwidth using
each tool, denoted by M;. We then introduce additional
cross-traffic on that link at the rate of 7 = % We then
again use the tools to estimate the available bandwidth,
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Fig. 2 Layout of QuRinet. For
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denoted by M,. We then calculate the relative error of the
measurements as:

Mz—’L'
6:
T

(7)

We first fixed the transmission rate of the link with
cross-traffic at 6 Mbps, and then at 54 Mbps. Figure 4
shows the CDF of the relative error for the two scenarios.
Ideally, the CDF plot should be a step function at the zero
mark. The passive tool seems to be very accurate, while
only slightly over-estimating the bandwidth. It gave a
relative error of less than 0.1 for 99% of the cases. Spruce
seems to respond well to cross-traffic (as shown by the step
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function) but tends to either over or under-estimate the
bandwidth. This is because while Spruce is still able to
send out the probe-pairs, the delay estimates are being
impacted by the cross-traffic, resulting in inaccurate
estimates. Pathload and PathChirp did not respond well
to cross-traffic and over-estimated the bandwidth. It seems
that these tools are estimating the fair-share of the
bandwidth, which is more than the actual available
bandwidth. Similar observations were made in [18] and
[22] for the performance of these tools in wired networks.
Our results confirm these findings for wireless networks.
The performance of the tools seems to improve for the
second scenario because there is more available bandwidth
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Fig. 3 Performance of passive scheme on outdoor testbed for single
hop with interference

for the tools and hence the impact of cross-traffic is not as
much.

3.2.3 Impact of rate adaptation

Current IEEE 802.11 implementations incorporate a rate-
adaptation feature that enables wireless radios to vary their
transmission rates based on current channel conditions. If
the data rate of a node changes, then the channel occupancy
time of the node will also change, which will impact the
available bandwidth estimation. Most previous studies
assume fixed transmission rates when evaluating band-
width estimation tools, thereby not characterizing the per-
formance of these tools accurately.

In order to model the rate-adaptation behavior, we dis-
abled the default rate-adaptation algorithm available in the
Madwifi wireless driver. We modified the wireless driver to
change the transmission rate at different instants of time,
irrespective of the channel conditions. We started the
experiment with the transmission rate of link 1-2 fixed at 6
Mbps, and changed it to 54 Mbps after a few seconds. Such
an approach enabled us to repeat the experiments with
similar variations in transmission rate.

Figure 5 shows the corresponding results. The passive
tool reacted very quickly to the variations in the trans-
mission rate. On the other hand, since PathChirp uses
packet trains with varying rates, there is some latency

involved before it can adjust its sending rate to the new
transmission rate. Pathload and PTR calculate an average
dispersion rate (ADR) before the actual estimation, and
since this value does not get updated when the transmission
rate changes, these tools are unable to reflect the variations
in the transmission rate. Spruce did not give any results.
The change in transmission rate seemed to impact the
Spruce algorithm and it would stop sending packets when
the data rate was changed.

3.2.4 Impact of packet loss

Probe-based estimation tools rely on successful delivery of
probe packets from the sender to the receiver. The delay
measurements obtained from these probes are used for
estimating available bandwidth. Hence, if a significant
number of probe packets are lost, then the tool may give an
inaccurate estimate. We thus decided to investigate the
impact of packet loss on the performance of these tools.

In order to have a similar rate of packet loss across
experiments with different tools, we did not rely on inter-
ference or weak signal quality. Instead, we modified our
wireless driver to drop one packet for every fifty packets
correctly received. These packets were dropped at the
receiver end. The physical layer data rate for link 1-2 was
fixed at 6 Mbps (rate-adaptation was disabled). The results
are summarized in Table 2. Pathload and Spruce did not
report any estimates. This is because both the tools require
certain number of probes to get through. For the packet loss
rate we choose, these tools do not give an estimate. For
PTR, the loss of probe packets causes it to lower the
sending rate, and as a result, it underestimates the available
bandwidth. However, the passive tool provides an accurate
estimate since there are no probes involved.

3.2.5 Impact of multiple hops

Our final experiment involved validating the accuracy of
the various tools over multiple wireless hops. Multiple
wireless hops lead to several issues such as self-interfer-
ence, which will impact the performance of the selected
tools. We used a three hop scenario (Fig. 2), with each link

Fig. 4 Responsiveness of tools 1 1
to cross-traffic for single hop 08 P“S‘g]rf’,ﬂg 08 P“éﬁlﬁi‘i - &
1 . Pathchi © .0 | Pathchi o a 1
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Fig. 5 Performance of passive scheme on outdoor testbed for single
hop with rate-adaptation

Table 2 Impact of packet loss on estimation accuracy

Tool Estimate (Mbps)
Actual 2.34

Pathload 0

Spruce 0

Pathchirp 1.75

PTR 1.625

Passive 2.2

configured to be on the same channel. The center link (2—4)
was fixed at the lowest 6 Mbps transmission rate, thus
acting as the bottleneck link. Figure 6 shows that the
passive technique provides very close estimates to the
“actual” value. While PathChirp consistently over-esti-
mated the bandwidth, Pathload and PTR provided lower
estimates.

3.2.6 Measurement overheads

Apart from evaluating these tools for accuracy, we also
evaluated the overheads involved in the measurement
process. In order to quantify the overheads of these tools,
we look at measurement latency and intrusiveness. Mea-
surement latency is the amount of time after which the tool
returns the estimate. For some tools, even though a first
estimate is obtained quickly, it takes longer for the tools to
stabilize and provide a more accurate estimate. For such
tools, we use the latter time as the measure of latency. A
lower latency is desirable, in order to quickly predict the
available bandwidth. Intrusiveness [43] is defined as the
ratio of the average probing rate of the tool to the available
bandwidth. The higher the intrusiveness, the more band-
width it consumes during the estimation process, and more
will be the impact on existing user traffic.
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Figure 7 shows the latency and intrusiveness for the
single-hop scenario. We observed that Pathload took a
longer time (nearly double for all transmission rates) to
return the first estimate, which may not be desirable in a
wireless network where the channel quality varies at much
smaller granularity. PTR was seen to have higher intru-
siveness and also caused about 4% packet loss for the
cross-traffic. It should be noted that the passive tool does
not involve any overheads in the measurement process
itself. We observed a similar result for the multi-hop sce-
nario (Fig. 8).

4 Available bandwidth based association control

In this section, we describe Seeker, our proposed scheme
that utilizes available bandwidth as the metric for associ-
ation control. We describe how to estimate the channel
conditions between the AP and the client, and how to use
the passive available bandwidth measurement tool to esti-
mate the conditions in the mesh backhaul.

4.1 Client-to-AP link quality

This parameter indicates the performance of the first
wireless hop between the client device and the mesh AP.
Traditional AP selection schemes for wireless LANs have
focused on evaluating this particular parameter. Signal
strength, though important, has been shown to be an
insufficient metric, and previous works have highlighted
the importance of incorporating more metrics in the AP
selection process.

We propose using the estimated throughput metric to
estimate the channel link quality between the client and the
mesh AP. We derive this metric using the concepts out-
lined in Sect. 3.1 (Eq. 2). Consider an AP a that has a set of
users U associated with it. Let L%, be the load generated
by each user u € U on AP a per unit time. If R, is the
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maximum transmission rate achieved by each user, then we
define the utilization of AP a as:

e = ZR—a (8)

ueU ~u

This utilization gives us an estimate of the fraction of
the AP’s capacity that is being used to serve the existing
clients. Hence, the remaining capacity is available for the
new client, and can used to estimate the throughput
between the AP and the new client. If R%. denotes the
transmission rate between AP a and the new client ¢, then
the estimated throughput is given by:

Thre = (1 = pg) x R ©)

This value is made available by the respective APs to
the clients during the scanning process.

4.2 Performance of mesh backhaul

We attempt to derive a metric that captures the perfor-
mance of the client’s flows within the mesh backhaul. This
approach is significantly different from existing association
control schemes for wireless LANs, which do not need to
measure the performance of the wired backhaul network.
On the other hand, in a mesh network, even if the
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client-to-AP link is good, the route between that AP and
the gateway node may suffer from poor link quality.

There are various techniques to capture this performance
metric. The simplest approach would be to extend the
current IEEE 802.11 mechanism that uses signal strength
for AP selection. We can obtain the signal quality mea-
surements for each link along a backhaul path and identify
the links with the minimum signal quality along each route.
The route that has the best bottleneck link in terms of
signal strength will be chosen to carry the client’s traffic.
We evaluate this approach on our testbed and compare it
with our proposed scheme.

Another approach is to utilize a probe-based scheme to
measure certain network metrics such as packet loss, RTT,
and so on. The APs can then exchange this information
amongst themselves in order to estimate the end-to-end
path metric. However, such a scheme involves extra
measurement and communication overheads that may
adversely impact the end users’ performance.

Our approach involves utilizing the passive bandwidth
estimation tool that we described earlier. Our tool measures
the available bandwidth on each link in a passive manner,
without adding any extra overheads. As shown in Sects.
3.2.1 and 3.2.4, our tool provides accurate estimates even
in face of interference and packet loss. As part of our
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scheme, each mesh node estimates the available bandwidth
on its respective links. It then exchanges this information
with other mesh nodes that lie along its route to the gate-
way node. Once this information is available, each mesh
node uses Eq. 6 to compare the available bandwidth data
for all the mesh nodes along its path to the mesh gateway,
thereby identifying the bottleneck point in terms of avail-
able bandwidth. This information will be made available to
the client device during the scanning phase. The client
device will receive similar information from multiple mesh
nodes (APs), and can them make an intelligent decision
regarding which AP to associate with.

Using available bandwidth as the metric for association
control provides two significant advantages:

— It automatically incorporates channel diversity in the
association control mechanism. If a particular path has
links on different channels, then there will be reduced
interference among the links, resulting in increased
available bandwidth.

— It also incorporates the current link conditions and load
conditions in the association control mechanism. Since
the estimation of available bandwidth involves both the
current node utilization, and the current transmission
capacity (which is determined by the prevailing link
conditions), we are able to provide the client with the
most accurate and up-to-date status of the network.

Our algorithm for association control using available
bandwidth involves the following steps:

— Step 1: The client device first scans for the available
APs, and obtains their estimated downlink throughput
values.

— Step 2: The client sorts the APs in order of their
downlink throughput values and selects the top three
APs.

— Step 3: The client queries the top three APs for their
respective bottleneck backhaul bandwidth information
and selects the best AP to associate with.

— STEP 4: The mesh APs continuously monitor the
channel conditions and update their throughput and
available bandwidth values.

The client device can periodically scan the channels and
query the available APs for the updated information. Based
on these new measurements, the client device can decide to
associate with a new AP. A similar process can be used if
the client moves to a new location.

When a new client enters the system and associates with
an AP, other associated clients may experience varying
degrees of performance degradation. This might result in
some other clients re-associating with a new AP, causing a
potential cascade of re-associations. In order to avoid such
frequent client re-associations in the network, we adopt the
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following solution. When a client gets the updated infor-
mation from the mesh network, it will re-evaluate the
rankings of the APs it can hear from. Only if the new AP
provides a significant performance improvement over the
existing AP (an improvement of 5% in our scheme), will
the client initiate the re-association process.

5 System implementation and evaluation
5.1 Implementation details

As mentioned in Sect. 4, we need to gather certain network
statistics from the mesh nodes for our association control
scheme. We have already described the implementation of
our passive bandwidth estimation scheme. We now outline
how we measure the estimated throughput value for the
client-to-AP link, and how we estimate the bottleneck link
in terms of available bandwidth in the mesh backhaul.

The design architecture of Seeker is shown in Fig. 9.
The first metric that we need to estimate is the channel
quality between the client and the APs. This function is
performed by the client-AP link quality estimator. We
currently assume that most of the traffic flows in the
downlink direction from the mesh gateway to the clients,
since most servers currently reside on the external wired
network. Hence, we only estimate the downlink channel
quality between the APs and the clients. We use the esti-
mated throughput metric for this purpose. Each mesh node
keeps track of the total number of bytes that it transmits to
clients associated with itself in every sampling period. It
also keeps track of the maximum possible number of bytes
that it can transmit to each client (transmission rate) in a
given time period. Using these two parameters, each mesh
AP can calculate its downlink utilization. Based on this
information, we can calculate the estimated throughput that
the client will achieve in the downlink direction using
Eq. 9. This data is periodically estimated by the client-AP
link quality estimator and passed on to the Seeker
algorithm.

The second component of our scheme involves the
backhaul performance estimator, which estimates the
quality of the backhaul routes in terms of bottleneck
bandwidth. Using the technique described in Sect. 3.1, each
mesh node estimates the available bandwidth on its
respective links. The data disseminator component is
responsible for the exchange of available bandwidth data
among the mesh nodes. This is done using the information
from the underlying OLSR routing protocol. We modify
the OLSR HELLO message and add a field to carry the
available bandwidth value for each node, thus avoiding the
overhead of transmitting extra packets. When a mesh node
receives the bandwidth data from another node, it checks to
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see whether that node lies on its path to the mesh gateway.
Using this information, each mesh node can estimate the
bottleneck link on its path to the mesh gateway in terms of
available bandwidth.'

As part of our scheme, we currently require slight
modifications at the client end. In order to obtain the
necessary information from the mesh APs during the
scanning phase, the clients need to query an OLSR plugin.
We implemented a customized plugin for OLSR that runs
on each AP, and keeps track of all the data measured by
that AP. The clients themselves do not need to run the
OLSR daemon. When a client performs the AP scanning
process, it simply sends a GET query message to the
desired mesh APs, and the OLSR plugin on the respective
APs responds with the measured statistics. The client first
requests for the downlink throughput data from all the APs,
and then the available bandwidth data from only the top
three APs.”

5.2 Evaluation results

In this section, we describe the results of the experimental
evaluation of our proposed association control scheme. The
testbed has already been described in Sect. 3.2. Figure 10
shows the overlapping coverage of the various APs at
Quail Ridge. We performed war-driving at the reserve
using a Linux-based laptop, attached with a USB device.
We used the kismet software to detect various available
access points, and recorded their location using the GPS
data. At most locations, we were able to hear from multiple
mesh APs, giving us the option of choosing from multiple
available access points. Similar studies conducted at vari-
ous other universities and urban areas further motivate the
need for an efficient association control scheme. By
choosing the right AP to associate with, the client will be
able to significantly improve the achieved performance.

! We use OLSR as it is the routing protocol deployed on our testbed.
Our scheme will work with any other routing protocol.

2 In the absence of OLSR, this information can be obtained via other
means, such as by generating small control packets, or by using the
IEEE 802.11k protocol [35, 47].

The background traffic in our testbed was generated by
the various audio, video, and weather data sensors sup-
ported by our testbed. These sensors generate periodic data
such as weather-related information and images of various
flora and fauna, and transmit them to a central server.
We do not add any other background traffic for our
experiments.

We compare our approach against a modified RSSI-
based approach. In the IEEE 802.11 protocol, the clients
associate with the AP that has the maximum received
signal strength. We extend this approach over multiple
wireless hops. We keep track of the signal strength mea-
surements for each link in the mesh network. Similar to the
bandwidth based approach, mesh nodes along the same
backhaul route exchange their respective data with each
other. In this manner, each mesh AP is aware of the bot-
tleneck link along its backhaul route, in terms of signal
strength. The mesh AP with the best link in terms of bot-
tleneck RSSI along its backhaul route will be chosen by the
client.

5.2.1 Connection quality

Our first step was to evaluate the connection quality of the
mesh APs that were selected by our bandwidth based
association control scheme. We chose three different
locations in our testbed and used a laptop to associate with
the mesh APs available in the neighborhood of each
location. The client device first uses the RSSI-based
scheme, and then our proposed scheme, to select the best
AP in the neighborhood. Once the AP was selected, we
used a throughput measurement tool (Thrulay) to measure
the available bandwidth from the selected mesh AP to the
mesh gateway node. Figure 11 shows the corresponding
results. The results are averaged over five runs of the above
process. From the results, it was confirmed that our band-
width based association control scheme selects the better
AP as compared to the RSSI-based AP selection scheme.

5.2.2 Client performance

We evaluated the end users’ performance by introducing
new clients into the network at varying locations. The
number of new clients was varied from 1 to 5. Traffic from
different clients would traverse different number of wire-
less hops, depending upon the client’s location. Each client
performs five UDP based CBR transfers between itself and
a reference server attached to the mesh gateway. Figure 12
shows the average client throughput and round trip delay.
Our proposed association control scheme based on avail-
able bandwidth provides a significant improvement over
the RSSI-based approach.
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Fig. 10 Overlapping AP
coverage at QuRiNet. Different
colors correspond to different
mesh APs
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We repeated the above experiments for TCP-based
traffic. Each client performs a file transfer operation
between itself and the reference server attached to the mesh
gateway node. Figure 13 shows the average throughput and
round trip delay achieved by various clients at different
locations in our testbed. Once again, our proposed associ-
ation control scheme based on available bandwidth
provides significant improvement over the RSSI-based
approach.

The primary reason for our approach performing better
than the existing RSSI-based mechanism is that signal
strength does not accurately reflect the conditions of the
network links. Moreover, it is also not a good indicator of
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the amount of load on different mesh APs. On the other
hand, the available bandwidth metric combines both the
link conditions, and the load on the nodes, into a single
metric, thereby achieving a much better performance.
Another observation that provides credence to our associ-
ation policy being a better choice is the number of clients
that associate with different mesh APs. When using the
RSSI-based approach, all the clients were distributed only
amongst two mesh APs, as opposed to utilizing four dif-
ferent mesh APs with the bandwidth based scheme.
Moreover, it was observed the mesh APs selected by the
clients using our proposed scheme had much more channel
diversity along their backhaul routes, as compared to the
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RSSI-based approach. This is a direct implication of clients
being spread over a larger number of mesh APs using our
scheme, which results in the client traffic being more
evenly distributed in the mesh backhaul.

5.2.3 Mobility experiments

The previous results have been presented for stationary
clients. In this section, we describe how our scheme caters
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to nomadic clients. We consider clients that change their
location from time to time, while spending certain amounts
of time at each location. As mentioned previously, our
scheme periodically estimates the network conditions and
provides the clients with the updated information during
the client scanning process. The client device compares the
performance of the new available APs with the existing
AP. If the performance improvement upon re-association
will be greater than 5%, only then the client initiates the
re-association process. Such an approach also enables us to
prevent excessive re-associations in the network.

In order to test our scheme for mobile clients, we per-
form the following experiment. We setup a client at a
particular location and perform five file transfers between
the client and a server attached to the mesh gateway. We
then move the client to a new location, and perform the
same file transfers after a short time interval. The same
experiment is repeated at a third location. Figure 14 shows
the performance achieved by client at each of the three
locations, both using our scheme and the RSSI-based
approach. At the first location, both schemes choose the
same mesh AP for the client to associate with. It was
observed that with the RSSI-based approach, the client
continues to remain attached with the first AP, even after it
was moved to the new location. On the other hand, with our
bandwidth based scheme, the client device re-associated
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with a new mesh AP after receiving a new set of mea-
surements at the new location.

5.2.4 Load-balancing

As mentioned previously, one of the main disadvantages of
using signal strength for client association is that it does not
reflect the current load conditions on the mesh APs. This
problem is even more severe for wireless mesh networks,
as the load on multiple mesh nodes needs to be accounted
for. Using the RSSI-based association policy can result in
several clients being connected to the same mesh AP,
resulting in uneven traffic distribution in the mesh network.
In this section, we describe how our scheme helps achieve
a degree of load-balancing in the mesh network.

Since the estimation of available bandwidth involves
estimating the utilization of various mesh nodes, it helps us
in incorporating network load in the association control
process. In order to illustrate this, we perform the following
experiment. We use two clients that are initially attached to
the same mesh AP. One of the clients starts a CBR UDP
flow at the fixed rate of 8 Mbps (Fig. 15). This traffic flow
roughly simulates the playback of a video stream. A few
seconds later, we start a similar traffic flow from the second
client. After a certain delay, the first client receives updated
information from the neighboring mesh APs. Based on the
updated information, client 1 estimates that it will receive
better performance if it re-associates with a new mesh AP.
The time interval at which the client receives the new
network information is a tunable parameter and can be set
based on the network settings.

We repeated the above experiments with TCP-based
traffic (Fig. 15). We used three clients for this experiment.
They were placed at different locations, but were associ-
ated with the same mesh AP. Each of the three clients starts
a FTP file transfer between itself and the reference server.
As the file transfer progresses, the clients receive updated
network information from the neighboring mesh APs.
Based on this information, Client 1 decides to re-associate
with one of the neighboring APs, resulting in improved
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Fig. 14 Performance of nomadic client at different locations
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network performance. Similarly, after certain time interval,
client 2 also re-associates with another AP based on the
updated network information it receives. It is clearly visi-
ble from these experiments how using available bandwidth
can help achieve a degree of load-balancing in the mesh
network, resulting in improved performance for the end
users.

5.2.5 Client overhead

Apart from evaluating the performance improvement for
the client device, we also evaluated the overheads intro-
duced by our scheme, in terms of association time. At three
different locations in our testbed, we evaluate the time it
takes for the AP probing and selection process. Figure 16
shows the comparison of the time taken by our scheme and
the RSSI based scheme. For our scheme, the client device
scans for the mesh APs, queries the top three APs for their
respective measurement data, and associates with the best
AP. For the RSSI-based scheme, the client device simply
scans for the available APs and associates with the best AP.

Even though our proposed scheme incorporates some
delay in selecting the AP, the increase in delay is not much.
Moreover, this slight increase in association delay is
compensated for the by performance gains in client
throughput, as well as by better network load balancing.
Moreover, this delay can easily be reduced by utilizing
multiple radios at the client device [12], or by creating
multiple virtual interfaces on a single wireless card [20].
With such an approach, the client device can either scan for
multiple APs at the same time, or use one interface for
scanning for new APs in the background, while performing
data transfer with the other.

A primary reason for testing the different bandwidth
estimation tools on our testbed was that unlike a testbed in
a campus or urban scenario, our testbed allows us to per-
form a comprehensive sensitivity analysis of various
parameters involved, due to the lack of interference from
external sources. At the same time, there is enough traffic
generated in our network to model other networks.
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For the perspective of association control, there are two
primary considerations for urban scenarios that can affect
the performance of our scheme. The first is the impact on
the measurement and reporting of necessary network
metrics for the mesh network. For our proposed scheme,
since the measurement of bandwidth is done in a passive
manner, and existing routing control packets are used for
transmitting this information, we believe that no extra
overheads will be added in this scenario.

The second consideration is that of increased number of
clients and its impact on AP selection. Increased number
of clients will translate to heavier AP load and increased
interference. However, our scheme will automatically
account for this during the measurement phase, and will
select the APs with the best performance, even though the
absolute network performance (in terms of achieved
throughput and delay) may be slightly less. Further, fre-
quent changes in the number of clients associated with an
AP may result in faster variations in AP load, and hence in
the condition of mesh backhaul links. As a result, clients
may have to perform AP selection at an increased rate.
However, since our scheme is de-centralized, there should
not be an increased load on any node in the mesh network.

wireless networks [33, 42]. The most recent work in this
area appears in [48]. However, the proposed schemes have
been evaluated only via analytical methods or simulations
and lack a comprehensive experimental study. Some other
studies [37] have presented limited experiments using the
passive bandwidth estimation technique. However, they
lack a thorough evaluation of how various factors such as
interference, rate-adaptation, and cross-traffic impact the
performance of these tools.

Association control: Several previous works have pro-
posed improving the AP selection process for single-hop
wireless LANs, by exposing some channel quality metrics
to the clients. Such works primarily fall into two catego-
ries. The first class of works are client-driven solutions,
wherein the clients either passively monitor the wireless
channel to estimate metrics such as bandwidth [46], per-
form a series of probe-based tests to estimate the network
performance [39], or submit performance reports of various
APs to a database, which can be utilized by future clients
[40]. The second class of works involve network-assisted
schemes, wherein the APs themselves monitor metrics such
as expected throughput or bandwidth, and provide this
information to the clients [14, 32, 36, 45]. Other works
such as [16, 34] model the AP selection problem as a max-
min fairness problem and present heuristics for the same.
In [17], authors perform an analytical comparison of
selfish (client-based) and centralized (network-assisted)
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AP selection algorithms. Works such as [8, 47] propose
using the measurement-reporting mechanisms outlined in
IEEE 802.11k draft for AP selection. In [13, 19], authors
propose dynamically changing the transmission power of
the APs (cell-breathing) to control client association.

The work that is closest to ours appears in [11]. Here,
the authors propose an AP selection scheme for multi-hop
wireless networks, based on the channel airtime metric
proposed in IEEE 802.11s protocol. However, their
approach has been evaluated via simulations only. More-
over, they consider load-balancing only for the client-AP
wireless hop, and not in the mesh backhaul. Another
simulation-based approach appears in [10], wherein a
game-theoretic approach for association control in mesh
networks is proposed that aims to minimize the association
cost (maximize association quality) for each client.

7 Conclusion

The wide-spread deployment of wireless mesh networks,
and the increasing popularity of Wi-Fi enabled hand-held
devices, has resulted in a scenario where users have to
choose from a multitude of APs at any given location. This
is even more true for users in urban locations and univer-
sity campuses. The user’s performance will be determined
by his choice of AP selection. In this paper, we present a
new association control scheme, called Seeker, for Wi-Fi
enabled devices operating under a large-scale wireless
mesh network. We identify the different measurement
components that need to be incorporated in an association
control scheme. Our scheme makes use of the information
available in the mesh backhaul in a passive manner,
thereby incurring minimum overheads as compared to
active probe-based measurement schemes. We have
implemented a passive tool for estimating available band-
width in wireless mesh networks and utilize this tool to
implement our scheme. We have implemented, and eval-
uated, the proposed scheme on a thirty node outdoor test-
bed. Our scheme provides a significant improvement in
terms of end-to-end user performance. We further provide
results demonstrating the advantages of our scheme for
mobile clients, and also for achieving load-balancing in the
mesh backhaul.
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