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Abstract— For active, probing-based bandwidth measurements
performed on top of the unifying IP layer, it may seem reasonable
to expect the measurement problem in wireless networks to beno
different than the one in wired networks. However, in networks
with 802.11 wireless bottleneck links we show that this is not the
case.

The results from the experiments presented in this paper show
that the measured available bandwidth is dependent on the probe
packet size (contrary to what is observed in wired networks).
Another equally important finding is that the measured link
capacity, using the well known TOPP model, is dependent on
the probe packet sizeand on the cross-traffic intensity.

The underlying reasons for the observed differences are
analyzed by incorporating the characteristics of 802.11 wireless
networks into the TOPP model. The extended model is applicable
to other end-to-end bandwidth measurement methods as well,
such as BART, Pathload and PTR.

I. Introduction

Wireless networks, used when connecting to the Internet
or when several nodes want to communicate in an ad-hoc
manner, are becoming more and more popular. Because of
the increased dependence on wireless network technology, it
is important to ensure that methods and tools for network
performance measurement also perform well in wireless envi-
ronments. In this paper, we focus on active performance mea-
surements in terms of network bandwidth, both link capacity
and the unused portion thereof; the available bandwidth.

Measurement of network properties such as available band-
width in a variety of networks are important for network error
diagnosis and performance tuning but also as a part of the
adaptive machinery of network applications such as streaming
audio and video.

State-of-the-art active end-to-end bandwidth measurement
methods are for example BART [1], Pathchirp [2], Pathload
[3], PTR [4], Spruce [5] and TOPP [6][7]. The basic principle
is to inject a set of measurement packets, so calledprobe
packets, into the network. The probe packets traverse the
network path to a receiver node, which time stamps each
incoming probe packet. By analyzing these time stamps,
estimates of the link capacity (a physical property of a link)
and/or the available bandwidth (the unused portion of the
link capacity) can be made. For many end-to-end available
bandwidth measurement methods no prior knowledge of the
underlying network topology is needed. That is, bandwidth

estimation methods are well suited for end-to-end performance
measurements and monitoring in all sorts of networks. The
existing methods differ in how probe packet are sent (the
flight patterns) and in the estimation algorithms used. A good
overview of available bandwidth measurement methods and
tools can be found in [8].

In this paperwe study how the properties of wireless 802.11
bottleneck links affect estimates reported by active end-to-
end bandwidth measurement methods. We measure, analyze
and describe how the characteristics of bandwidth estimation
change in wireless scenarios. By conducting experiments
where we vary the probe-packet size we show that the obtained
bandwidth estimates reported vary. Further, by varying the
cross-traffic rate we illustrate how the estimated link capacity
obtained by using the well known TOPP model is not constant.

To understand the obtained bandwidth estimates reported
we incorporate the properties of 802.11 wireless networks into
the TOPP model. Using the extended model we describe why
and how the probe-packet size affect the bandwidth estimate.
Further, we discuss the relation between the estimated link
capacity (using TOPP) and the real link capacity of a wireless
802.11 bottleneck link.

The extended TOPP model is also applicable to, and will
thus explain why estimates produced by other end-to-end
bandwidth measurement methods (e.g. BART, Pathload and
PTR) vary with the probe-packet size in wireless 802.11
networks. We discuss this in detail in the paper.

The bandwidth measurements have been performed in a
testbed containing both wireless and wired hops. Our testbed
topology only consist of one wireless 802.11 bottleneck link,
to be used as an access link, since that is a common way to
deploy wireless networks. To produce measurement results we
have used DietTopp, a tool that implements the TOPP model,
which measures the available bandwidth and link capacity of
an end-to-end path. For comparisons and to illustrate that our
observations concerning the available bandwidth estimates are
not tied to a certain measurement tool, we have also used the
tool Pathload, which also measure the available bandwidth of
an end-to-end path, in our experiments.

Earlier work has touched upon the problem of end-to-end
measurement of bandwidth in wireless networks. In [9] we
discuss the main problem areas when deploying existing band-
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Fig. 1. Plot of the ratiooi/mi as a function ofoi.

width measurement methods in wireless networks. Further,
measurement results presented in [10] indicate that the avail-
able bandwidth estimates is dependent of the probe packet size
in multi-access networks, such as wireless 802.11 networks.
The authors are not restricted to bandwidth measurements
in 802.11 networks, but rather investigate a range of access
network techniques.

This paper complement and extend the work made in [10].
In this paper we develop an analytical model describing
the measurement results. Further, compared to [10] we use
more complex testbed scenarios along with a different set of
bandwidth measurement methods.

The rest of this paper is organized as follows. Section II-
A describes the measurement model. DietTopp, which is our
implementation of a simplified TOPP model, is also presented.
Section II-B is a description of the testbed we have used
for the investigation of the bandwidth measurement problem
in wireless networks. In Section II-C the experiments are
described along with the research question. Section III show
measurement results from using DietTopp in wired as well
as in wireless networks. We discuss the results and compare
them to results obtained by Pathload. In Section IV we extend
the original TOPP model to describe and explain the obtained
measurement results. Further, in Section V some important
observations are made. The paper ends with conclusions in
Section VI.

II. Experimental setup

This section describes the experimental setup used in order
to study the behavior of bandwidth measurement methods in
wireless 802.11 networks. That is, the measurement model
and the tools used in the experiments. The testbed setup and
finally what kind of bandwidth measurements that have been
performed along with their relevance are also presented.

A. Measurement model

The TOPP model [6] is well suited to describe and explain
how end-to-end bandwidth measurement methods function
[11]. Therefore we use that model to study the impact of
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Fig. 2. The testbed is constructed by one wireless link, three routers and
several cross-traffic generators (on both the wireless and the wired links)

wireless bottleneck links on bandwidth estimates. The TOPP
model is described below.

The available bandwidth on a single link can be described
as the unused portion of the link capacity during some time
period. The end-to-end available bandwidth is the minimum
available bandwidth for each link in the path. That link defines
the bottleneck.

The basic assumption is that the probe packets gain a
proportional share of the link capacity when traversing the
bottleneck link. That is

m =

{

m ifm < a
o

(x+o) ∗ L ifm ≥ a
(1)

wherem is the measured probe-packet rate,o the offered
probe-packet rate,x the cross-traffic rate on the link with
capacityL anda is the available bandwidth on the bottleneck
link.

Equation 1 can be converted into a linear form describing
the quotiento/m

o

m
=

{

1 ifm < a
(1 −

a
L
) + o

L
ifm ≥ a

(2)

where a is the available bandwidth on the specific link.
A common definition ofa is a = (L − X)/δ where X is
the amount of cross traffic that flows through the link during
time δ. If plotting Equation 2 in a diagram the result will
be much like the theoretical one in Figure 1. This theoretical
curve is in [11] called therate response curve, that is, the
relation between the offered rate and the measured rate. We
adopt that term in this paper. Further, in [11] it is shown
that the fluid-like analysis described above can give erroneous
bandwidth estimates when taking packet-level interactions in
the router queues into account. Especially if the cross traffic
is bursty (e.g. Pareto distributed) or if there exist several
secondary bottlenecks [6]. By using longer probe-packet trains
instead of probe-packet pairs the obtained rate response curve
asymptotically moves towards the fluid curve shown in Figure
1. The tools used in the experiments use long probe-packet
trains. Further, we study the effect of one wireless bottleneck
link on the rate response curve. Thus, for the objectives in this
paper we believe that the original fluid model is sufficient.

To study how wireless 802.11 networks affect available
bandwidth estimates (i.e. how the rate response curve in Figure



1 is affected) we have implemented a tool called DietTopp
[12]. (In [7] preliminary results obtained from DietTopp in
wireless networks is discussed along with the tool itself.)It
measures the end-to-end available bandwidth along with the
link capacity of the bottleneck link. Further, Pathload hasbeen
used to show that the results are not tied to a certain tool.

Both DietTopp and Pathload directly or indirectly use the
information embedded in rate response curve to estimate the
available bandwidth. We describe how below:

DietTopp injects a set of probe-packet trains at an increas-
ing rate in the interval[omin, omax]. On the receiver side each
probe packet is time stamped in order to calculatemi for
each incoming probe-packet traini. The probe-packet train
rate increases for each successive train, hence the bottleneck
link will be congested at some point (corresponding tooi = a
in Figure 1). When all probe-packet trains have traversed the
network path the quotientoi/mi can be plotted. The rate
response curve in Figure 1 is used as an example. DietTopp
uses linear regression to estimate the linear segmentb. The
end-to-end available bandwidth is defined as the offered rate
corresponding to the intersection ofb and y = 1. Further,
the slope ofb corresponds to the bottleneck link capacity
according to [6].

To speed up the probing phase of DietTopp it is desired
to avoid measurements with an offered rateo below a. That
is, DietTopp wants to ensure thatomin > a. This is done by
estimatingmmax which is done by injecting a set of probe
packets at rateomax (could be the link capacity of the access
link for example) and then measure their separation at the
receiver. According to [6]mmax is greater than the available
bandwidth (mmax is referred to as the asymptotic dispersion
rate in [13]). DietTopp also assumes only one bottleneck link
between the end nodes contrary to the more computational
expensive TOPP model.

Pathload is based on observations of the one-way delay
of probe-packet trains. If the offered probe-packet rate is
above the available bandwidth the one-way delay will show
an increasing trend. On the other hand, if the one-way delay
doesn’t show an increasing trend the offered rate is below
the available bandwidth. To locate the available bandwidth,
Pathload deploys binary search. That is by varying the offered
probe rate and investigating the one-way delay. In [11] it is
stated that there is a strong statistical correlation between a
high rate response and the increasing trend of the one-way
delay within a probe-packet train. Thus, Pathload is tied to
the rate response curve. A change in the curve changes the
estimates produced by Pathload.

In [11] a description on how the rate response curve affect
estimates produced by Pathload as well as other available
bandwidth methods (e.g. Spruce and PTR) is described in more
detail. BART directly use the rate response curve in order to
estimate the available bandwidth. Thus, the study on how the
rate response curve change due to properties in wireless 802.11
networks is very important.

B. The testbed

The testbed used in this work consists of 9 computers
running Linux, shown in Figure 2. The link speed for each
link is shown in the figure. The links betweenXw1, Xw2
andR1 are 802.11b wireless links (sharing the same channel)
while the link betweenS and R1 either can be a 802.11b
wireless link or a 100 Mbps wired link.

The bottleneck in the experiments is either the wireless
802.11b link or the link betweenR1 and R2, depending on
whether the link betweenS andR1 is wired or wireless.

The cross traffic in the testbed is generated at the nodes
Xw1, Xw2 andX1. The cross traffic consists of UDP packets
and is generated by a modified version oftg [14]. The cross
traffic is either constant bit rate (CBR), exponential or Pareto
distributed (shape = 1.5). Further, the cross traffic consists
of 60 (46% of the packets), 148 (11%), 500 (11%) and 1500
(32%) byte packets. This distribution of packet sizes originates
from findings in [15].

C. Research question and experiments

In this paper we want to identify and explain properties
associated with bandwidth measurements in wireless 802.11
networks.

The measurements have been performed mainly using Di-
etTopp. We elaborate on the impact of probe packet size,
the cross-traffic distribution and on the number of cross-
traffic generators in the wireless network. We compare our
results regarding available bandwidth to results obtainedfrom
Pathload.

The goal of the measurements performed is to understand
the impact of the variables described above on the rate
response curve. That is, the impact on the estimated available
bandwidth (and link capacity) reported by many bandwidth
measurement methods.

III. Experimental results

This section presents the results obtained from running
DietTopp in different experiment scenarios. We have used
Pathload to compare the obtained measurement results. In
the diagrams all measurement results are shown with a 95%
confidence interval.

A. Measurement results in wireless networks

This subsection presents the results from measurements
using DietTopp and Pathload where the bottleneck is a wireless
link (the link between S and R1 in the testbed as described
in subsection II-B). Cross traffic is present on both of the
wired links R1 - R2 and R2 - R3, but the rate is limited
to approximately 9% of the corresponding link capacity (100
Mbps in this case). That is, the wireless link is the link that
limits both the link capacity and the available bandwidth. The
cross traffic at the 100 Mbps links between R1, R2 and R3 is
Pareto distributed (with respect to cross-traffic packet arrival
times) and consists of 4 different packet sizes. The cross-
traffic configuration on the wired links is the same for each
experiment presented in this section.
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Fig. 4. Available bandwidth and link capacity measured by DietTopp in a
wired network using different probe packet sizes. The crosstraffic is a 3.26
Mbps Pareto distributed stream on a 10 Mbps link.

The probe-packet size affects both the measured link capac-
ity and the available bandwidth estimate obtained by DietTopp
when the bottleneck on an end-to-end path is a wireless 802.11
link. We illustrate and describe this phenomenon in a set of
diagrams below.

The two upper curves in Figure 3 show the measured link
capacity and the measured available bandwidth when no cross
traffic is present on the wireless link. Varying the probe packet
size from 250 bytes up to 1500 bytes gives increasing values
of both the measured link capacity and the measured available
bandwidth. It should be observed that the total number of
bits remains constant independent of the probe packet size.
The total amount of probe data sent by DietTopp in these
measurements is 1.2 Mbit. Each probe train consists of 16
probe packets and we send 5 probe trains on each probe rate
level. The number of probe rate levels depends on the probe
packet size; increasing the probe packet size decreases the
number of probe rate levels.
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Cross traffic Measurement (Mbps)

0 2.32 - 2.39

250k cbr 1.67 - 1.67

250k exp 1.73 - 1.73

250k par 1.40 - 1.63

500k cbr 0.96 - 0.99

500k exp 0.87 - 0.95

500k par 1.27 - 1.29

TABLE I

Measurement results obtained from running Pathload in

different scenarios with varying cross-traffic intensity and

distribution.

The two middle curves show measurement estimates when
there is a 250 Kbps constant-bit-rate (CBR) cross-traffic stream
competing with the probe packets on the wireless link. The two
bottom curves correspond to the case when a 500 Kbps CBR
stream is present.Both the measured link capacity and the
measured available bandwidth increase with increasing probe-
packet size. Another equally important observation to be made
is that the measured link capacity decreases when increasing
the cross-traffic rate. Yet another interesting phenomenon is
that thedifference between the measured link capacity and the
measured available bandwidth tends to be smaller for small
probe packet sizes.

For comparison we have varied the probe packet size in
an all wired network. That network is essentially the network
shown in Figure 2 but the link between S and R1 is now a 100
Mbps wired link. The bottleneck is a 10 Mbps link between
R1 andR2. The measurement results can be seen in Figure 4.
Both the measured link capacity and the available bandwidth
reported by DietTopp are relatively accurate and stable, that
is independent of the probe packet size.

We have also performed measurements using Pathload, a
tool that estimates the available bandwidth using 300 byte
packets. The results obtained from executing Pathload in our
testbed with different cross-traffic distributions and intensities
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Fig. 6. Available bandwidth and measured link capacity measured under the
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can be seen in Table I. When comparing results obtained by
Pathload (in Figure 3) to those of DietTopp we can see that
Pathload reports available bandwidth measurement estimations
that are in line with estimations made by DietTopp (using
interpolation between packet sizes 250 and 500 bytes).

Figures 5 and 6 report results from the same type of
measurements that the ones Figure 3 is based on. The avail-
able bandwidth and the measured link capacity increases
with increasing probe-packet size. Further, both the available
bandwidth and the measured link capacity decrease with
increasing cross-traffic rate. However, in these two scenarios
more complex cross-traffic distributions are used. In Figure
5, exponentially distributed arrival times for the cross-traffic
packets is used while in Figure 6 Pareto distributed arrival
times is used. As can be seen in both figures, the confidence
intervals are larger when the cross traffic is burstier. It isalso
obvious that the curves are less smooth compared to the CBR
case in Figure 3. In the Pareto case (Figure 6) it is hard

to distinguish between estimates of the link capacity in the
two different cross-traffic scenarios (250 Kbps and 500 Kbps
cross traffic). However, we can still see that the measured link
capacity and available bandwidth are dependent on both the
probe packet size and the cross-traffic rate. Again, comparing
the measurement results (at the 300 byte probe packet size
level) with results obtained by Pathload (in Table I) we can
conclude that the available bandwidth estimate characteristics
are compatible.

The somewhat blurred measurement results obtained when
the cross traffic is more bursty (i.e. exponentially or Pareto
distributed) can possibly originate from the fluid-like TOPP
model. As mentioned above, a more complete, non-fluid,
model has been developed in [11]. However, in the wired case
which results are shown in Figure 4 no large fluctuations of the
estimated bandwidth are visible, even though the cross traffic
is Pareto distributed. Also, the estimates are rather accurate.
The problem of the blurred measurement results is part of
future research.

Continuing to Figure 7. In this scenario, two cross-traffic
generators are generating 125 Kbps of CBR cross traffic each
(that is summed up to 250 Kbps). As before, the probe-packet
size affects both the measured link capacity and available
bandwidth. Comparing Figure 7 to the measurement results
shown in Figure 3 we see that the confidence intervals are
larger when having multiple cross-traffic generators. Otherwise
the curves in Figure 3 and in Figure 7 are similar. Hence,
several cross-traffic generators on different nodes in a wireless
network seem to increase the uncertainty, but not the overall
estimates produced by DietTopp.

In the next section the results presented above will be
discussed and analyzed in detail. This analysis result in an
extended TOPP model for describing bandwidth measurements
results obtained from networks with a wired or a wireless
bottleneck.

IV. Analysis of experimental results

The reason for the varying measurement estimates of the
link capacity and the available bandwidth in the experiments
(as seen in the previous section) can be derived from the
link-level acknowledgements and the contention phase usedin
802.11 networks [16]. That is, if a probe packet is small, the
relative overhead induced by the link-level acknowledgement
and the contention phase is larger than if the probe packet
were large. This will affect the probe-packet separation, which
is the basis of the the rate response curve. Thus, the available
bandwidth estimates produced by DietTopp, Pathload and
other methods will vary with varying probe-packet size.

A. The extended TOPP model

The basic assumption in the TOPP model is, as described
above, that the injected probe packets gain a proportional share
of the link capacity when traversing a bottleneck link (if first-
come-first-served is used as the queue policy). That is, the
relationship during congestion (or overload) is describedas



m =
o

(x + o)
∗ L (3)

wherem is the measured probe rate (at the receiver side of
the network),o is the offered probe rate,x is the cross-traffic
rate on the link andL is the link capacity on the specific link.
Converting this equation into its linear form gives

o

m
= (1 −

(L − x)

L
) +

o

L
(4)

= α ∗ o + β.

Now, assume that the link capacity can be rewritten asL =
s/T wheres is the size in bits andT is the time it takes for
the link to transmits bits (assuming the queueing delay to be
zero). Further, the offered rateo can be written ass/to where
s again is the bit size andto the separation required in order
to obtain a specific offered rateo. Then Equation 4 can be
rewritten as

o

m
= (1 −

(s/T − x)

s/T
) +

s/to
s/T

(5)

Now, in a 802.11 wireless networks the time it takes to
transmit one packet of sizes over the link can be expressed
as [16]

T = Tsifs + TBO + Tdifs + Tack + Ts (6)

= Tk + Ts

whereTsifs and Tdifs correspond to the time it takes to
access the 802.11 wireless link,TBO is the backoff time and
Tack is the time it takes for a link-level acknowledgment to
return after sending a packet over the wireless link.TBO is
uniformly distributed in the interval[0, CW − 1] where CW
grows with each unsuccessful transmission (due to competing
cross traffic). Thus,Tk in the above equation, is an increasing
function of the cross-traffic intensityx (i.e. Tk = Tk(x)).

Further,Ts is the time in seconds to transmit a packet of
size s over the wireless channel. This time is determined by
how the wireless signal is modulated, settings in the wireless
network card and the size of the packet to be sent.

SubstitutingT in Equation 5 with the expression forT in
Equation 6

o

m
=

Tk(x) + Ts

s
∗ x + (Tk(x) + Ts)

1

to
. (7)

Assume in the above equation that the probe-packet sender
is injecting probe packets with a size ofs bits. If changing the
probe-packet size tos/n bits, wheren is an arbitrary number
(n ≥ 1), the separation between the probe packets must also
change in order to obtain the same rateo (i.e. to/n). Further,
Ts is decreased toTs/n. Thus

o

m
=

Tk(x) + Ts/n

s/n
∗ x + (Tk(x) + Ts/n)

1

to/n
=⇒

o

m
=

n ∗ Tk(x) + Ts

s
∗ x + (n ∗ Tk(x) + Ts)

1

to
(8)

= β + α ∗
1

to
. (9)

From Equation 8, which describes the rate response curve
when the bottleneck is a wireless 802.11 link, it can be seen
that a decreasing probe-packet size (i.e.n > 1) increases
both α andβ in Equation 9. This, in turn decreases both the
measured link capacity and the measured available bandwidth
according to the TOPP model described in Section II-A. This
behavior is visible in the diagrams in Section III that shows
measurements in wireless 802.11 networks. Further, when
increasing the cross-traffic intensity,Tk(x) will increase due
to increased contention and backoff time. This is also visible
in the diagrams shown in the previous section where both the
measured link capacity and the available bandwidth decrease
with increasing cross-traffic intensity.

When the bottleneck is not a multi-access wireless link (i.e.
when Tk(x) = 0) but rather a single access wired link the
probe-packet size does not have impact on the estimates, which
is seen in Equation 8. (Ts/s is constant.) The measurement
results in Figure 4 support the above statement.

The important conclusion to be drawn from this section
is that wireless 802.11 networks changes the parameters
describing the rate response curve in Figure 1 when the probe-
packet size is allowed to vary. A small probe-packet size
increases the slope ofb (i.e. decreases the estimate of the
link capacity) while at the same time the intersection ofb and
y = 1 moves towards zero (i.e. decreases the estimate of the
available bandwidth). This fact affects the estimates produced
by DietTopp, Pathload and other methods that directly on
indirectly rely on the same basic bandwidth estimation model.

The original TOPP model also describes how the relation
betweeno and m changes when several congestable links (a
link that will be congested due to the probe packets) between
the sender and the receiver are present. The above supplement
to the TOPP model can of course be incorporated into the case
with several congestable links.

B. Estimated vs. physical link transmission capacity of a
802.11 wireless link

There is a need to differentiate between the estimates of
the link capacity produced by DietTopp, that is not constant
with respect to the cross-traffic rate and the probe-packet size,
and the fixed physical link transmission capacity of the 802.11
wireless link. Using the equations in the previous section the
differentiation is discussed in this section.

The TOPP model suggests that the bottleneck link capacity
is computed as1/α, where α is the slope of the straight
line b shown in Figure 1. As derived in the previous section
α = n ∗ Tk(x) + Ts whereTs is the actual transmission time
(which is constant if no change in the topology is made).Tk(x)
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corresponds to contention and backoff time in multiple access
networks, such as wireless 802.11. Thus, calculating1/Ts

gives the physical link transmission capacity of the wireless
bottleneck link. First, assume thatTk(x) is constant, with
respect to the probe-packet size, thenTs is easily calculated
by solving the equation system below

{ 1
α1

= n1 ∗ Tk(x) + Ts
1

α2

= n2 ∗ Tk(x) + Ts
(10)

whereα1 andα2 correspond to link capacity estimates while
n1 andn2 are fixed during the measurement.

In Figure 3 (CBR case) the estimated link capacity is 5.92
Mbps (= α1) when no cross traffic is present using 1500
byte probe packets (fixn1 = 1). Further, the estimated link
capacity is approximately 4.16 Mbps (= α2) in the same
scenario but when using 750 byte probe packets (thenn2 = 2).
That is, n1 = 1 and n2 = 2 since we use half the probe-
packet size is the second scenario. Solving the above equation
system with these values as inputTs = 8.34−8 which in
turn gives a physical link transmission capacity of 10.5 Mbps.
This estimate is fairly close to 11 Mbps which is the link
transmission capacity in the experiments.

However, solving similar equation systems using input from
scenarios with competing cross traffic,Ts will not correspond
to a link transmission capacity of 11 Mbps at all.1 This is
impossible, sinceTs is a physical, constant property of the
wireless link (in our experiments). Thus,Tk must vary with the
probe-packet size for some reason. In Figure 8 the variation
of Tk is shown, assumingTs to be constant (Ts = 9.09−8

which corresponds to a link transmission capacity of exactly
11 Mbps). As can be seen, the variation ofTk can be described
by a straight line.

Further, as seen in the figure,Tk increases with increasing
cross-traffic intensity independent of the probe-packet size.
This is obvious since a high cross-traffic intensity increases the

1The exact numbers for the estimated link capacity is left out, but a rough
approximation can be obtained from the figure.

backoff timeTBO in Equation 6. It should also be noted that
the slope ofTk increases with increasing cross-traffic intensity.

We believe that the observed dependency ofTk on the
probe-packet size can be traced to the link-layer retransmis-
sion mechanism in 802.11 wireless networks [16]. A 802.11
wireless node cannot tell whether a collision on the link has
occurred or not since the radio used cannot send and listen at
the same time. That is, the only way to detect a collision
(or other link-layer errors that requires a retransmission)
is the lack of a link-layer acknowledgment that should be
transmitted back by the receiver node. When no link-layer
acknowledgment is received, the link-layer on the sending side
retransmits the packet. The question is; why is the packet size
crucial to Tk when a link-layer retransmission is triggered?
There are probably several reasons for this and we elaborate
on two below.

Collisions: In the case corresponding to the measurement
results presented in this work, the number of transmitted
bits (1.2 Mbit) is constant independently of the probe-packet
size, as described in Section III. Hence, sending one 1500
byte probe packet corresponds to sending six 250 byte probe
packets. If one collision occur, in either case, one probe packet
has to be retransmitted by the link layer. The procentual
increase inTk will be much higher using 1500 byte probe
packets compared to using 250 byte probe packets. That is
why Tk increases with increasing packet size.

Noisy wireless link: If the wireless link is noisy the
probability for bit errors in the transmitted packet increases.
Assuming that a constant number of probe packets are sent,
the probability for encountering bit errors will increase with
the probe-packet size. That is, the probe packet must be
retransmitted andTk increases.

It seems thatTk is actually a function of both the cross
traffic and the packet size. That is,Tk = Tk(x, s). Assuming
the cross-traffic intensity is constant thenTk(s) = φ + ϕ ∗ s
wheres is the probe-packet size whileφ andϕ are constants
describing the suggested straight lines in Figure 8.

To be able to calculateTs, that is the value corresponding to
the physical link transmission capacity of the wireless link the
functionTk(x, s) must be known. In the case where no cross
traffic flows on the wireless link,Tk is rather constant (see
Figure 8) and thus,Ts could be calculated, as shown above.
However, whether it is possible to calculateTs in the general
cross-traffic intensity case is left for future research.

V. Other observations

Due to the fact that the probe-packet size affects the rate
response curve shown in Figure 1 (and thus affects both the
measured link capacity and the measured available bandwidth
when using DietTopp), a possible method to identify a wireless
bottleneck in a network path could be: if the available band-
width (and the measured link capacity) changes when probing
the path with different probe-packet sizes, this can be taken as
an indication that the path includes a wireless bottleneck.This
is important since, as we have discussed, wireless bottlenecks
have different characteristics than wired bottlenecks.



An important consequence of the measurements we have
presented in this paper is that the available bandwidth willbe
application dependent if the bottleneck is a wireless link.For
example, a voice over IP application or a distributed game
probably use small packets while a file transfer may use large
packets. The available bandwidth for the applications willnot
be the same due to their packet-size distribution. This means
that when probing a path containing a wireless bottleneck link,
the estimation tool must use a probe-packet size distribution
that corresponds to the specific application that is to use the
estimates.

VI. Conclusion

In this paper we have shown measurement results that illus-
trate the difference between available bandwidth measurement
results obtained in wired and wireless networks. The impact
of the probe-packet size, the cross-traffic rate and the number
of cross-traffic generators has been analyzed. In the paper,we
have discussed in detail the underlying reasons for these dif-
ferences by extending the TOPP model. The extended model
shows that the rate response curve has different properties
when performing active end-to-end bandwidth measurements
in 802.11 networks compared to the one obtained in ordinary
wired networks.

Using the extended model it has been shown why the probe-
packet size, for example, is crucial to the available bandwidth
estimate. Further, we have shown why the estimated link
capacity reported by TOPP is erroneous when performing
measurements where the bottleneck is a wireless 802.11 link.
A very important aspect of the extended TOPP model is that it
also have implications on the estimates reported by other end-
to-end available bandwidth measurement methods (e.g. BART,
DietTopp, Pathload and PTR).

The estimates of the available bandwidth and link capacity
have been produced using our own tool, DietTopp. For com-
parison and validity we have used Pathload. The measurements
have been performed in a testbed where we have used different
types of cross traffic, from simple CBR to bursty Pareto
distributed cross traffic.

Future research is to study whether the physical link ca-
pacity of 802.11 wireless bottleneck links can be estimated
in general scenarios using DietTopp. Another open issue is to
study how the 802.11 properties can fit into a non-fluid model
for describing available bandwidth measurement methods. It
is also important to investigate why the use of small probe

packets results in a lower variance when used for active
probing in wireless 802.11 networks.
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