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Abstract—Measurement of available bandwidth in a network
has always been a topic of great interest. This knowledge can be
applied to a wide variety of applications and can be instrumental
in providing Quality of Service to end users. Several probe-based
tools have been proposed to measure available bandwidth in wired
networks. However, the performance of these tools in the realm
of wireless networks has not been evaluated extensively. In recent
years, there has also been some work on estimating bandwidth
in wireless networks via passively monitoring the channel and
determining the ‘busy’ and ‘idle’ periods. However, such tech-
niques have primarily been evaluated via simulations only. In
this work, we perform an extensive experimental comparison
study of both passive and active bandwidth estimation tools for
802.11-based wireless mesh networks. We investigate the impact
of interference, packet loss, and 802.11 rate-adaptation, on the
performance of these tools. Our results indicate that for wireless
networks, a passive technique provides much greater accuracy
than the probe-based tools.

I. INTRODUCTION

At the physical layer, bandwidth refers to the width of
the communication spectrum available for data transmission.
However, at the network and higher layers, it refers to the data
rate available on a network path or link, usually expressed in
bits per second. The concept of bandwidth is very important for
present day networks, and various applications can benefit from
this information. The term bandwidth is often confused with
different throughput related concepts. Authors in [1] provide an
overview of how to differentiate between these terminologies.
The available bandwidth of a link relates to the unused or spare
capacity of the link during a given time period. It can be deter-
mined by finding the time period for which the link is not uti-
lized for transmitting data. IEEE 802.11-based wireless mesh
networks (WMNs) are being widely deployed, especially in the
municipal and enterprise setting. In such scenarios, providing
performance guarantees to end users may be an important goal
for the network administrators or ISPs. Admission control and
routing schemes based on available bandwidth (Av-Bw) can
be very effective for provisioning Quality of Service (QoS) to
end users. However, WMNSs present several challenges to the
bandwidth estimation process, such as interference, contention-
based MAC, and rate-adaptation feature of 802.11 protocols.

The performance of probe-based tools for estimating Av-Bw
in wired networks has been widely evaluated. However, the
performance of these tools for wireless networks has not been
been evaluated extensively. Even though it has been widely
cited that these tools do not work well for wireless networks [2]

[3], their performance has not been quantified via detailed
experiments. Several recent works have also proposed using
a passive approach for bandwidth estimation in wireless net-
works. However, these approaches have mostly been tested via
simulations only and lack an extensive experimental evaluation.

The objective of our study is to evaluate the existing tools
and study their performance for 802.11-based WMNs. We
also implement a passive tool that can estimate the channel
utilization by continuously sniffing the wireless channel. We
evaluate these tools by varying various parameters such as the
physical data rate, number of hops, and amount of interference.
Via extensive experiments, we show that the active probe-based
tools do not perform well in wireless networks. The contention-
based MAC, and the tendency of 802.11 protocol to provide
fairness, cause these tools to provide inaccurate estimates.
Our results indicate that the passive scheme provides accurate
estimates even in the face of above mentioned challenges. Our
main contributions are highlighted below:

o We select four probe-based tools, and one passive band-

width estimation tool, and evaluate their performance in
a wireless setting.

o We perform extensive experiments by varying parameters
such as interference, rate-adaptation, and number of hops,
and identify their impact on the process of estimating Av-
Bw in WMN .

o We evaluate the tools on an indoor testbed, and further
validate our results on an outdoor testbed.

The rest of the paper is organized as follows. Section II lists
the previous work on estimation of Av-Bw and the motivation
behind our work. In Section III-B, we present the implementa-
tion details of our passive technique. In Section III, we present
the results from the comparison study of the existing tools,
with the outdoor testbed results in Section IV-E. Section V
concludes the paper.

II. RELATED WORKS & MOTIVATION

Several bandwidth estimation tools have been proposed in
past literature. However, not all of these tools focus on mea-
suring Av-Bw in the network. While tools such as Pathchar [4]
estimate the per-hop capacity in a network, Nettimer [5] and
Pathrate [6] measure the end-to-end capacity. Early bandwidth
estimation techniques (such as [7]) suffered from the assump-
tion of fair queuing in routers and as a result cannot estimate
the Av-Bw in the current Internet. Tools such as Cprobe [8]



and Pipechar [9] measure a metric called Asymptotic Dis-
persion Rate (ADR), which is different from Av-Bw [10].
Previous works [11] classified the bandwidth estimation tools
into two main categories: the Probe Gap Model tools such
as Spruce [11] and IGI [12], and the Probe Rate Model
tools such as Pathload [13], Pathchirp [14] and TOPP [15].
Several previous works have also focused on comparing the
performance of existing bandwidth estimation tools [12] [16].
However, the evaluation in these works has been restricted to
wired networks. Our focus is to quantify the performance of
these tools in wireless networks. The theoretical bounds for the
capacity of a wireless network [17] are calculated under certain
assumptions and do not conform to a real world setting. Several
recent works have also proposed using a passive approach for
estimating Av-Bw in wireless networks [2] [18] [3]. However,
the performance of these tools has been mostly evaluated via
simulations only. In [19] and [20], the authors have performed
limited experiments for 802.11 wireless networks. However,
they have not evaluated the impact of factors such as number
of hops, packet loss, and rate-adaptation on the bandwidth
estimation process.

The lack of understanding of how existing bandwidth estima-
tion tools perform in wireless networks motivates us to perform
a thorough comparative study. Some previous works [21] have
proposed the use of existing bandwidth estimation techniques
in WMNSs, without quantifying their performance. We believe
that a thorough experimental investigation of the existing tools
is of crucial importance in order to validate the accuracy
of these tools in real-world wireless networks. A thorough
evaluation of the impact of various factors on the tools could
help guide the design of better monitoring techniques for
WMNS.

III. COMPARISON OF EXISTING TOOLS
A. Tools & Testbed

We selected four existing probe-based tools: Pathload [13],
Spruce [11], PathChirp [14] and PTR [12]. These tools are
representative of the various estimation techniques proposed
so far'. In order to evaluate the relative performance of these
tools, we use a testbed in our laboratory, consisting of 802.11a
nodes. No other 802.11a networks were detected in the vicinity
of our testbed. This gives us the advantage of controlling the
amount of cross-traffic and interference in our testbed. The
wireless nodes consist of Linux-based laptops and Soekris
net4826 embedded devices [25], using Atheros based 802.11
a/b/g wireless cards. We use the open-source wireless driver
Madwifi [26] for our testbed. RTS/CTS is disabled for all
our experiments. We repeated our experiments for the various
physical layer data rates available in 802.11a, since different
data rates would result in different channel utilization.

B. Implementation of Passive Tool

Consider a 802.11 network, with RTS/CTS disabled. The
following equation shows the total time involved in transmit-
ting a packet:

The source code of ProbeGap was unavailable for comparison study.
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Fig. 1. 802.11 frame events.
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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. [22] lists the
various parameter values associated with 802.11a scheme. 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 this quantity by the capacity of the channel
gives us an estimate of the available bandwidth: {BW = (1 —
w) * C'}. The capacity (C) of the channel can be estimated by
using tools such as Pathrate [20].

In order to obtain this information, we implemented a mea-
surement framework in the Linux kernel, using the madwifi-ng
wireless device driver. We modified this device driver to report
certain 802.11 events, from which we can derive information
about the wireless channel. A user-space program residing on
the node, communicates with the modified driver through the
NetLink [23] library and records these events. The user-space
program can then process these events to obtain the necessary
information. Figure 1 shows the temporal relationship between
the various 802.11 events reported by the modified driver. The
reader can refer to [24] for further details.

C. Evaluation & Validation Methodology

For each of the selected tools, we first ran several experi-
ments to evaluate their performance using the default parameter
settings (such as probe size, inter-probe spacing, and number of
probes). We wanted to confirm whether the default settings of
these tools were also the best for wireless networks. The results
from these experiments are omitted due to lack of space. We
observed that for some tools the default parameter settings still
worked, while for others, choosing a different set of parameters
gave more accurate results. All further evaluations are based on
the new parameter settings. In order to compare the accuracy
of the tools against an accurate benchmark, we leverage the
controlled nature of our experiments. Av-Bw is defined as the
rate at which a new flow can send data without affecting the
rate of the existing flows. In order to estimate Av-Bw, we use
the approach outlined in [20]. We term this estimate as the
“actual” Av-Bw and use it to estimate the accuracy of the other
tools.
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Fig. 2. Experimental setup for single hop testing with interference.
The solid lines show the actual transmissions, while the dotted lines
show that transmissions from node 1 and 3 will interfere at nodes 2
and 4.
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Fig. 3. Av. B/W measurement for single-hop with interfering traffic.

IV. EXPERIMENTAL EVALUATION & RESULTS
A. Impact of Interference

Our goal here was to investigate the impact of interference
on the performance of the tools. For this experiment, we used
four laptops (Figure 2), two configured as access points (APs)
and the other two as clients. Each of the clients (node 2 and 4)
was associated with one of the APs (node 1 and 3 respectively).
All the four nodes were in transmission range of each other. No
packet loss was observed for this setup at all the transmission
rates. The bandwidth estimation tools were run between nodes
1 and 2, while nodes 3 and 4 were used to exchange the cross-
traffic (thus creating interference). We fixed the physical data
rate of node 3 at 6 Mbps. The cross-traffic was generated at
a constant rate of 3 Mbps using a UDP traffic generator. The
data rate of the link running the estimation tools was varied
from 6 to 54 Mbps (802.11a physical layer data rates).

In Figure 3, for higher modulation rates, it takes less time to
transmit the data traffic, and hence the Av-Bw is higher. We can
see that Pathload and PTR underestimate the Av-Bw. This is
due to 802.11 protocol trying to provide MAC fairness to both
the flows. As a result, the packet-train based tools are actually
reporting the fair share of the bandwidth, which is lower than
the actual Av-Bw. On the other hand, Spruce is over-estimating
the bandwidth by large amounts. This happens due to the per-
frame sharing of the channel, whereby only a small amount
of cross-traffic (typically one frame) gets inserted between the
probe pair sent by Spruce. The passive tool returned the most
accurate estimate.

Tool Estimate (Mbps)
Actual 2.34
Pathload 0
Spruce 0
Pathchirp 1.75
PTR 1.625
Passive 2.2

TABLE I
IMPACT OF PACKET LOSS ON ESTIMATION ACCURACY.

B. Impact of Packet Loss

Probe-based estimation tools rely on successful delivery of
probe packets from the sender to the receiver. If a significant
number of probes are lost, then the tool may give an inaccurate
estimate. Hence, we decided to investigate the impact of packet
loss on the performance of these tools. In order to have similar
rate of packet loss across experiments with different tools,
we modified our wireless driver to drop one packet for every
fifty correctly received packets. The setup used was the one
in Figure 2. The physical layer data rate of both the links was
fixed at 6 Mbps. The second pair of nodes (3 and 4) were used
to exchange cross-traffic at a constant rate of 3 Mbps. Table I
shows that Pathload and Spruce did not report any estimates.
This is because both the tools require certain number of probes
to get through. For PTR, the loss of probe packets causes it to
lower the sending rate, and as a result, it underestimates the
Av-Bw. It should be noted that this scenario also helps us to
evaluate the performance of the tools for the case where there
is a hidden terminal in the network. A hidden node would
result in packet loss at the receiver. Thus, by simulating the
case with packet loss, we are able to quantify the performance
of the tools in the presence of a hidden node.

C. Impact of Rate Adaptation

The 802.11 protocol supports multiple physical layer trans-
mission rates depending upon the modulation scheme used.
We refer to these as the physical layer data rates or transmis-
sion rates. Current 802.11 implementations incorporate a rate-
adaptation feature that enables 802.11 radios to vary their data
rates based on 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 Av-Bw estimation. We evaluate
this using the setup shown in Figure 2. The data rate of the link
running the bandwidth estimation tools was fixed at 6 Mbps.
The second pair of nodes was used to exchange cross-traffic.
The data rate of this link is varied over time. We did not use
the default rate-adaptation algorithm in 802.11, where the rate
changes due to packet loss. This is because it is impossible to
repeat the exact experiments using this approach, as we do not
get the same variations in the data rate over different runs. In
order to model the rate-adaptation behavior, we modified the
wireless driver to change the data rate at different instants of
time, irrespective of the channel conditions.

Of the selected tools, only Pathchirp and our passive tool
provide continuous measurements of Av-Bw. The run time of
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Fig. 5. Experimental setup for multi-hop testing. The solid lines
show the actual transmissions, while the dotted lines show the self-
interference for the same flow between consecutive nodes. The center
link was fixed at the lowest data rate of 6 Mbps.

other tools (Pathload, Spruce and PTR) is not user-defined, and
they give only one estimate at the end of the measurement.
Hence, we could plot only Pathchirp and the passive tool
against time. Figure 4 shows the results. The passive tool
reacts very quickly to the variations in the data 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 estimated
the Av-Bw in the range 3.3 - 3.9 Mbps. It seems that since
Pathload calculates an average dispersion rate (ADR) before
the actual estimation, and the ADR does not get updated
when the transmission rate changes, it is unable to reflect the
variation in the data rate. PTR gave an average estimate of 2.96
Mbps. Spruce did not give any results and would stop sending
packets when the data rate was changed.

D. Impact of Multiple Hops

Multiple wireless hops lead to more issues such as self-
interference, which will impact the performance of the selected
tools. We decided to investigate this issue with a three hop
linear topology (Figure 5). Node 1 and 4 were out of each
other’s transmission range. Link 2 interfered with both link 1
and 3. Links 1 and 3 did not interfere with each other. The
center link was configured to be on the lowest data rate of 6
Mbps, thus acting as the bottleneck link (Figure 5). The data
rates for the other two links were increased from 6 Mbps to
54 Mbps for each run of the experiment. The goal was to see
if the various tools are able to identify the bandwidth of the
bottleneck link.

We started a UDP flow from node 1 to node 4 at a constant
rate of 3 Mbps. We set all the three links to the same 802.11a
channel, so that the transmissions on the three hops will
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Fig. 6. Av. B/W measurement for three hops with self-interference.

interfere with each other. Figure 6 shows the corresponding
results. Multiple hops and self-interference seem to cause large
discrepancies in the performance of these tools. The PRM-
based tools (Pathload and PTR) once again seem to report the
fair share bandwidth, rather than the actual Av-Bw, thus giving
lower estimates. Also, as the transmission rate of links 1 and
3 are increased, the channel occupancy time on these links
decreases, which increases the bandwidth available on link
2. Spruce does not reflect this increase, and provides erratic
results.

E. Evaluation on Outdoor Testbed

From the results of our comparative study, it was clear that
a passive technique has several advantages over the currently
used probe-based tools. Hence, we decided to further validate
the performance of the passive scheme on an outdoor testbed.
While our first testbed was setup in a controlled laboratory
environment, our second testbed is deployed in a wildlife
reserve. The outdoor testbed consists of over twenty nodes
spread over two thousand acres of forest land. The testbed
uses 802.11a modulation scheme. It has the advantage of being
free from any external interference in the region. The traffic
in our network comprises of audio and video traffic generated
by sensors deployed in the network. This traffic is generated
periodically at a fixed rate, and uses fixed sized packets. We did
not introduce any additional cross-traffic in the network. This
helps us in repeating our experiments with similar background
traffic. The reader can refer to [27] for further details on the
testbed.

Figure 7(a) shows the results for single-hop. We observed
that the measured estimate (referred to as the “actual” estimate)
also saturated with increasing transmission rate. Our passive
tool returned fairly accurate estimates. We further tested the
performance of the passive scheme with rate-adaptation en-
abled. For this experiment, we set the data rate of the first
link at 6 Mbps, and then changed it to 54 Mbps after a few
seconds. Figure 7(b) shows the results estimated by our passive
scheme. Our final experiment involved validating the accuracy
of the passive scheme for multiple hops. We used a three
hop scenario, with each link on the same channel. The center
link was fixed at 6 Mbps transmission rate. Figure 7(c) shows
that the passive technique provides very close estimates to
the “actual” value. These observations conform to the results
presented in the previous section, from our laboratory testbed.
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V. INFERENCES & CONCLUSIONS

In this paper, we have tackled the problem of estimating
Av-Bw in 802.11-based WMNs. Several bandwidth estimation
tools have been proposed previously. Even though these tools
were developed for wired networks, several previous works
have attempted to use these them on wireless networks. These
works lack a thorough evaluation of the performance of the
tools on WMNSs. Some of the recent works have proposed using
a passive approach for bandwidth estimation in wireless net-
works. However, most previous evaluations have been done via
simulations only. We implement our version of this approach
by modifying an open source wireless driver, and compare its
performance with the previously proposed approaches.

The results from our experiments suggest that probe-based
tools are not the best choice for wireless networks. The
unique characteristics of wireless networks, such as a shared
transmission medium, and the prevailing protocols, such as
use of rate-adaptation at the link layer, cause these tools to
provide inaccurate results. It was also observed that using these
tools over multiple wireless hops causes further degradation in
their performance. The passive scheme provided much more
accurate results than the probe-based tools.
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