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Abstract— For active, probing-based bandwidth measurements estimation methods are well suited for end-to-end perfocaa
performed on top of the unifying IP layer, it may seem reasonble  measurements and monitoring in all sorts of networks. The

to expect the measurement problem in wireless networks to b0 qyisting methods differ in how probe packet are sent (the
different than the one in wired networks. However, in netwoks

with 802.11 wireless bottleneck links we show that this is ricdhe flight patterns) and in the estimation algorithms used. Adgoo

case. overview of available bandwidth measurement methods and
The results from the experiments presented in this paper she tools can be found in [8].
that the measured available bandwidth is dependent on the mbe In this paperwe study how the properties of wireless 802.11

packet size (contrary to what is observed in wired networks) phieneck links affect estimates reported by active end-t
Another equally important finding is that the measured link

capacity, using the well known TOPP model, is dependent on end bandwldth measurement methods. We m(.easure,.ana.lyze

the probe packet sizeand on the cross-traffic intensity. and describe how the characteristics of bandwidth estimati
The underlying reasons for the observed differences are change in wireless scenarios. By conducting experiments

analyzed by incorporating the characteristics of 802.11 weless \yhere we vary the probe-packet size we show that the obtained

networks into the TOPP model. The extended model is applicdb ; ; ;
to other end-to-end bandwidth measurement methods as well, handwidth estimates reported vary. Further, by varying the

such as BART. Pathload and PTR. cross-traffic rate we illustrate how the estimated link cétya
obtained by using the well known TOPP model is not constant.
[ INTRODUCTION To understand the obtained bandwidth estimates reported

Wireless networks, used when connecting to the Internge incorporate the properties of 802.11 wireless netwartcs i
or when several nodes want to communicate in an ad-hile TOPP model. Using the extended model we describe why
manner, are becoming more and more popular. Becauseaaofl how the probe-packet size affect the bandwidth estimate
the increased dependence on wireless network technologyurther, we discuss the relation between the estimated link
is important to ensure that methods and tools for netwodapacity (using TOPP) and the real link capacity of a wireles
performance measurement also perform well in wireless-en802.11 bottleneck link.
ronments. In this paper, we focus on active performance meaThe extended TOPP model is also applicable to, and will
surements in terms of network bandwidth, both link capacitiius explain why estimates produced by other end-to-end
and the unused portion thereof; the available bandwidth. bandwidth measurement methods (e.g. BART, Pathload and

Measurement of network properties such as available baffFR) vary with the probe-packet size in wireless 802.11
width in a variety of networks are important for network @rronetworks. We discuss this in detail in the paper.
diagnosis and performance tuning but also as a part of theThe bandwidth measurements have been performed in a
adaptive machinery of network applications such as stregmitestbed containing both wireless and wired hops. Our tdstbe
audio and video. topology only consist of one wireless 802.11 bottleneck,lin

State-of-the-art active end-to-end bandwidth measuremém be used as an access link, since that is a common way to
methods are for example BART [1], Pathchirp [2], Pathloadeploy wireless networks. To produce measurement reselts w
[3], PTR [4], Spruce [5] and TOPP [6][7]. The basic principléhave used DietTopp, a tool that implements the TOPP model,
is to inject a set of measurement packets, so catlexbe which measures the available bandwidth and link capacity of
packets into the network. The probe packets traverse then end-to-end path. For comparisons and to illustrate that o
network path to a receiver node, which time stamps eaobservations concerning the available bandwidth estisnate
incoming probe packet. By analyzing these time stampsot tied to a certain measurement tool, we have also used the
estimates of the link capacity (a physical property of a)inkool Pathload, which also measure the available bandwifith o
and/or the available bandwidth (the unused portion of tten end-to-end path, in our experiments.
link capacity) can be made. For many end-to-end availableEarlier work has touched upon the problem of end-to-end
bandwidth measurement methods no prior knowledge of theeasurement of bandwidth in wireless networks. In [9] we
underlying network topology is needed. That is, bandwidttiscuss the main problem areas when deploying existing-band



0j / mj

."11/100Mbps

S

Fig. 2. The testbed is constructed by one wireless link,ethrmiters and
several cross-traffic generators (on both the wireless la@dvired links)

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

The available bandwidth on a single link can be described

width measurement methods in wireless networks. FurthgrS the unused portion of the link capacity during some time

. - . ériod. The end-to-end available bandwidth is the minimum
measurement results presented in [10] indicate that the-ava T2 P2 BEEE ERE PRSP path. That link dein

able bandwidth estimates is dependent of the probe padaat?<

Fig. 1. Plot of the ratiow; /m; as a function of;.

) . . he bottleneck.
in multi-access networks, such as wireless 802.11 networks - . . .
The basic assumption is that the probe packets gain a

The authors are not restricted to bandwidth measuremen'% ortional share of the link capacity when traversing the
in 802.11 networks, but rather investigate a range of acc%s P pactty 9

. Sttleneck link. That is
network techniques.
This paper complement and extend the work made in [10]. m ifm<a
In this paper we develop an analytical model describing m{ (xio) *L ifm>a @)
the measurement results. Further, compared to [10] we use h is th q b K Hered
more complex testbed scenarios along with a different set of¥herem s the measured probe-packet ratethe ofterec
bandwidth measurement methods probe-packet ratez the cross-traffic rate on the link with

The rest of this paper is organized as follows. Section IF?_apacnyL anda is the available bandwidth on the bottleneck

A describes the measurement model. DietTopp, which is ollt
implementation of a simplified TOPP model, is also presente
Section 1I-B is a description of the testbed we have usé
for the investigation of the bandwidth measurement problem 0 1 ifm<a
in wireless networks. In Section II-C the experiments are { 1-9)+2 ifm>a )

described along with the research question. Section IlWwsho h is th iable bandwidth th ific link
measurement results from using DietTopp in wired as we|l Wher€ a 1S the avariable bandwi on the speciiic:link.
gommon definition ofa is a = (L — X)/d where X is

as in wireless networks. We discuss the results and compﬁae t of traffic that fl th h the link duri
them to results obtained by Pathload. In Section IV we exte amount of cross traftic that flows through the fink durng
e J. If plotting Equation 2 in a diagram the result will

the original TOPP model to describe and explain the obtain ! . . . .
g b much like the theoretical one in Figure 1. This theorética

measurement results. Further, in Section V some import o .
observations are made. The paper ends with conclusions ffV€ 1S N [11] called therate response curyethat is, the
Section V1. 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 ewase
) ] ) . . bandwidth estimates when taking packet-level interastion
This section describes the experimental setup used in Orgigs router queues into account. Especially if the crossidraf
to study the behavior of bandwidth measurement methodsidnpyrsty (e.g. Pareto distributed) or if there exist severa
wireless 802.11 networks. That is, the measurement modgkondary bottlenecks [6]. By using longer probe-packétsr
and the tools used in the experiments. The testbed setup gfifead of probe-packet pairs the obtained rate response cu
finally what kind of bandwidth measurements that have beggymptotically moves towards the fluid curve shown in Figure
performed along with their relevance are also presented. 1. The tools used in the experiments use long probe-packet
trains. Further, we study the effect of one wireless botitdén
link on the rate response curve. Thus, for the objectivehim t
The TOPP model [6] is well suited to describe and explaipaper we believe that the original fluid model is sufficient.
how end-to-end bandwidth measurement methods functionTo study how wireless 802.11 networks affect available
[11]. Therefore we use that model to study the impact ddandwidth estimates (i.e. how the rate response curve iwré&ig

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

m

II. EXPERIMENTAL SETUP

A. Measurement model



1 is affected) we have implemented a tool called DietTofp. The testbed

[12]. (In [7] preliminary results obtained from DietTopp in The testbed used in this work consists of 9 computers
wireless networks is discussed along with the tool itsétf.) running Linux, shown in Figure 2. The link speed for each

measures the end-to-end available bandwidth along with §& is shown in the figure. The links betweeXiwl, Xw?2

link capacity of the bottleneck link. Further, Pathload baen 544 R1 are 802.11b wireless links (sharing the same channel)
used to show that the results are not tied to a certain tool. yhile the link betweenS and R1 either can be a 802.11b

Both DietTopp and Pathload directly or indirectly use thwireless link or a 100 Mbps wired link.
information embedded in rate response curve to estimate thghe bottleneck in the experiments is either the wireless
available bandwidth. We describe how below: 802.11b link or the link betwee®1 and R2, depending on
DietTopp injects a set of probe-packet trains at an increa\év-hether the link l_aetyveeﬁ and k1 IS wired or wireless.
The cross traffic in the testbed is generated at the nodes

mrg(])l;zte ;‘Ctkrg Ii:tetirr\;aeﬂogbtgr,nmgg]inogr:jheer rticeclgiijsl;?; fi?ChX wl, Xw2 and X 1. The cross traffic consists of UDP packets
b P P and is generated by a modified versiontgf{14]. The cross

each_ incoming probe-packet tra_m The_ probe-packet train traffic is either constant bit rate (CBR), exponential orefar
rate increases for each successive train, hence the leatklen

link will be congested at some point (correspondingie= a distributed (shape = 1.5). Further, the cross traffic céssis
7 0, 0, 0,
in Figure 1). When all probe-packet trains have traversed t f 60 (46% of the packets), 148 (11%), 500 (11%) and 1500

network path the quotient; /m; can be plotted. The rate 2%) byte packets. This distribution of packet sizes oaggs

response curve in Figure 1 is used as an example. DietTcI{J%m findings in [15].

uses linear regression to estimate the linear segmefhe C. Research question and experiments
end—to—end_avanable b_andmdth is defined as the offereal rat In this paper we want to identify and explain properties
corresponding to the intersection 6fand y = 1: Further,_ associated with bandwidth measurements in wireless 802.11
the slope ofb corresponds to the bottleneck link capacity, o nvorks.
according to [6]. The measurements have been performed mainly using Di-
To speed up the probing phase of DietTopp it is desiredTopp. We elaborate on the impact of probe packet size,
to avoid measurements with an offered rateelow a. That the cross-traffic distribution and on the number of cross-
is, DietTopp wants to ensure thay,;, > a. This is done by traffic generators in the wireless network. We compare our
estimatingm,,., Which is done by injecting a set of proberesults regarding available bandwidth to results obtaineh
packets at rate,,.. (could be the link capacity of the acces$athload.
link for example) and then measure their separation at theThe goal of the measurements performed is to understand
receiver. According to [61n,,4, IS greater than the availablethe impact of the variables described above on the rate
bandwidth (n,,.. is referred to as the asymptotic dispersionesponse curve. That is, the impact on the estimated alailab
rate in [13]). DietTopp also assumes only one bottlenedk libandwidth (and link capacity) reported by many bandwidth
between the end nodes contrary to the more computationsasurement methods.

expensive TOPP model.
III. EXPERIMENTAL RESULTS

Pathload is based on observations of the one-way delay ., . . . .
. ~ This section presents the results obtained from running
of probe-packet trains. If the offered probe-packet rate I5 o ) :
) . . letTopp in different experiment scenarios. We have used
above the available bandwidth the one-way delay will shoy :
an increasing trend. On the other hand, if the one-way del athload to compare the obtained measurement results. In
) . . ’ . fhe diagrams all measurement results are shown with a 95%
doesn’'t show an increasing trend the offered rate is belovg)nfidence interval
the available bandwidth. To locate the available bandwidtﬁ '
Pathload deploys binary search. That is by varying the efferA. Measurement results in wireless networks
probe rate and investigating the one-way delay. In [11] it is This subsection presents the results from measurements

s’gated that there is a strong _statlstlc_:al correlation betwe using DietTopp and Pathload where the bottleneck is a vasele
high rate response and the Increasing trend of the_ one-vyay (the link between S and R1 in the testbed as described
delay within a probe-packet train. Thus, Pathload is tied Iﬂ_’subsection [I-B). Cross traffic is present on both of the
the_ rate response curve. A change in the curve changes fd links R1 - R2 and R2 - R3, but the rate is limited
estimates produced by Pathload. to approximately 9% of the corresponding link capacity (100

In [11] a description on how the rate response curve affdelops in this case). That is, the wireless link is the link that
estimates produced by Pathload as well as other availahbieits both the link capacity and the available bandwidtheT
bandwidth methods (e.g. Spruce and PTR) is described in maoress traffic at the 100 Mbps links between R1, R2 and R3 is
detail. BART directly use the rate response curve in order Rareto distributed (with respect to cross-traffic packevalr
estimate the available bandwidth. Thus, the study on how ttimes) and consists of 4 different packet sizes. The cross-
rate response curve change due to properties in wireles$ B02raffic configuration on the wired links is the same for each
networks is very important. experiment presented in this section.
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MEASUREMENT RESULTS OBTAINED FROM RUNNING PATHLOAD IN
DIFFERENT SCENARIOS WITH VARYING CROSS-TRAFFIC INTENSITY AND
DISTRIBUTION.

Link capacity ——
Available pandwidth ,,,,,,,

L L L
250 500 750 1000 1250 1500

Probe-packet size (byte) The two middle curves show measurement estimates when
Fig. 4. Available bandwidth and link capacity measured bgtDopp in a there is a 250 Kbps constant-bit-rate (CBR) cross-traffeasn
wired network using different probe packet sizes. The ctoaffic is a 3.26 competing with the probe packets on the wireless link. Thee tw
Mbps Pareto distributed stream on a 10 Mbps link. bottom curves correspond to the case when a 500 Kbps CBR
stream is presenBoth the measured link capacity and the
measured available bandwidth increase with increasindpro
The probe-packet size affects both the measured link cappacket sizeAnother equally important observation to be made
ity and the available bandwidth estimate obtained by DigpTo is thatthe measured link capacity decreases when increasing
when the bottleneck on an end-to-end path is a wireless 802tthe cross-traffic rate Yet another interesting phenomenon is
link. We illustrate and describe this phenomenon in a set thfat thedifference between the measured link capacity and the
diagrams below. measured available bandwidth tends to be smaller for small

The two upper curves in Figure 3 show the measured lifi€obe packet sizes
capacity and the measured available bandwidth when no croskor comparison we have varied the probe packet size in
traffic is present on the wireless link. Varying the probeksac an all wired network. That network is essentially the networ
size from 250 bytes up to 1500 bytes gives increasing valugfsown in Figure 2 but the link between S and R1 is now a 100
of both the measured link capacity and the measured availablbps wired link. The bottleneck is a 10 Mbps link between
bandwidth. It should be observed that the total number &f1 andR2. The measurement results can be seen in Figure 4.
bits remains constant independent of the probe packet siBeth the measured link capacity and the available bandwidth
The total amount of probe data sent by DietTopp in theseported by DietTopp are relatively accurate and stabla, th
measurements is 1.2 Mbit. Each probe train consists of issindependent of the probe packet size.
probe packets and we send 5 probe trains on each probe rat/e have also performed measurements using Pathload, a
level. The number of probe rate levels depends on the prdbel that estimates the available bandwidth using 300 byte
packet size; increasing the probe packet size decreasesphekets. The results obtained from executing Pathload in ou
number of probe rate levels. testbed with different cross-traffic distributions andeimtities




, Avalable banduidh and ink capaciy estmates n  wireless netvork 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 measurgd i

capacity and available bandwidth are dependent on both the

probe packet size and the cross-traffic rate. Again, comgari

the measurement results (at the 300 byte probe packet size

level) with results obtained by Pathload (in Table 1) we can

conclude that the available bandwidth estimate charatiesi

are compatible.

1 The somewhat blurred measurement results obtained when
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Ly
+
Vi

»,t'%’&:/ .. . .
pataiilcapacty pardx —— the cross traffic is more bursty (i.e. exponentially or Raret
T Avai,abtgﬂ%cnmggggggggg: ) distributed) can possibly originate from the fluid-like TP
. ‘ ‘ | Availabi Bandd barso0x - - model. As mentioned above, a more complete, non-fluid,
250 500 750 1000 1250 10 model has been developed in [11]. However, in the wired case

Probe-packet size (byte)

which results are shown in Figure 4 no large fluctuations ef th
Fig. 6. Available bandwidth and measured link capacity mess under the estimated bandwidth are visible, even though the crosBctraf
impact of 0, 250 Kbps and 500 Kbps Pareto distributed cragtet is Pareto distributed. Also, the estimates are rather ateur
The problem of the blurred measurement results is part of
Available bandwidth and link capacity estimates in a wired network future research.

T ' ' ' ' 1 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. @tise
the curves in Figure 3 and in Figure 7 are similar. Hence,
several cross-traffic generators on different nodes in aless

network seem to increase the uncertainty, but not the dveral
ir v capacty 2ebrox —— estimates produced by DietTopp.
‘ ‘ Avallabe bangwith scbias0 In the next section the results presented above will be
250 500 ;f:be_packels‘ze(ﬁ:)o 1250 1o discussed and analyzed in det_ai_l. This anglysis result in an
extended TOPP model for describing bandwidth measurements

Fig. 7. Available bandwidth and measured link capacity mesgsunder the results obtained from networks with a wired or a wireless
impact of 0 and 500 Kbps CBR cross-traffic. The cross traffigeéserated pottleneck.
by two different sources that is injecting 250 Kbps each.

(Mbps)

IV. ANALYSIS OF EXPERIMENTAL RESULTS

can be seen in Table I. When comparing results obtained bylh€ reason for the varying measurement estimates of the
Pathload (in Figure 3) to those of DietTopp we can see thik capacity and the available bandwidth in the experiraent
Pathload reports available bandwidth measurement esinsat (&S seen in the previous section) can be derived from the
that are in line with estimations made by DietTopp (usintj?k-level acknowledgements and the contention phase insed
interpolation between packet sizes 250 and 500 bytes). ~802.11 networks [16]. That is, if a probe packet is small, the
Figures 5 and 6 report results from the same type qulanve overhead induced by the link-level acknowledgeime

measurements that the ones Figure 3 is based on. The a\fH?f-j the conte.ntio.n phase is larger than if the prqbg packet
able bandwidth and the measured link capacity increasé§’® Iargg. This will affect the probe-packet separandmpw.
with increasing probe-packet size. Further, both the alal 'S the t_)aS|s of _the the rate response curve. Thus, the aleailab
bandwidth and the measured link capacity decrease wRfndwidth estimates produced by DietTopp, Pathload and
increasing cross-traffic rate. However, in these two séesarCtner methods will vary with varying probe-packet size.

more complex cross-traffic distributions are used. In Fégur
5, exponentially distributed arrival times for the crosaffic A. The extended TOPP model

packets is used while in Figure 6 Pareto distributed arrival The basic assumption in the TOPP model is, as described
times is used. As can be seen in both figures, the confidema¥®ve, that the injected probe packets gain a proportidraaés
intervals are larger when the cross traffic is burstier. llg of the link capacity when traversing a bottleneck link (isfir
obvious that the curves are less smooth compared to the C8#tne-first-served is used as the queue policy). That is, the
case in Figure 3. In the Pareto case (Figure 6) it is harelationship during congestion (or overload) is described



m=—2"_%1L (3) o Ty(x)+Ts/n 1

= T, Ts
(@t o) - e (@) + T —
wherem is the measured probe rate (at the receiver side ofo ~ nxTy(x) + T l
the network) o is the offered probe rate; is the cross-traffic  m S ot (nxTi(r) + TS)zfo (8)
rate on the link and. is the link capacity on the specific link. B 1 ©)
Converting this equation into its linear form gives = ftox to
From Equation 8, which describes the rate response curve
0 (L — ) 0 when the bottleneck is a wireless 802.11 link, it can be seen
m (1- I )JFZ (4)  that a decreasing probe-packet size (ie> 1) increases
= ax*xo+p0. both « and 5 in Equation 9. This, in turn decreases both the

measured link capacity and the measured available banwidt
Now, assume that the link capacity can be rewritted.as according to the TOPP model described in Section II-A. This
s/T wheres is the size in bits and’ is the time it takes for behavior is visible in the diagrams in Section Il that shows
the link to transmits bits (assuming the queueing delay to beneasurements in wireless 802.11 networks. Further, when
zero). Further, the offered ratecan be written as/t, where increasing the cross-traffic intensity.(z) will increase due
s again is the bit size ant], the separation required in orderto increased contention and backoff time. This is also igsib
to obtain a specific offered rate Then Equation 4 can bein the diagrams shown in the previous section where both the

rewritten as measured link capacity and the available bandwidth deereas
with increasing cross-traffic intensity.
° _ 1 (s/T—z), s/to 5 When the bottleneck is not a multi-access wireless link (i.e
mo (1- 5/7T> s/T ) when Ti.(z) = 0) but rather a single access wired link the

probe-packet size does not have impact on the estimatesh whi
Now, in a 802.11 wireless networks the time it takes tig seen in Equation 8.1 /s is constant.) The measurement
transmit one packet of size over the link can be expressedresults in Figure 4 support the above statement.
as [16] 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
T = Tsps+Tso + Taifs + Tack + Ts (6) packet size is allowed to vary. A small probe-packet size
= Tpu+T, increases the slope df (i.e. decreases the estimate of the
link capacity) while at the same time the intersectiorb ahd
whereTy; ¢, and Ty, correspond to the time it takes toy = 1 moves towards zero (i.e. decreases the estimate of the
access the 802.11 wireless linKgo is the backoff time and available bandwidth). This fact affects the estimates poed
T,.r is the time it takes for a link-level acknowledgment t®dy DietTopp, Pathload and other methods that directly on
return after sending a packet over the wireless lifiko is indirectly rely on the same basic bandwidth estimation rhode
uniformly distributed in the interval0, CW — 1] where CW  The original TOPP model also describes how the relation
grows with each unsuccessful transmission (due to congpetipetweeno andm changes when several congestable links (a
cross traffic). Thus]} in the above equation, is an increasingjink that will be congested due to the probe packets) between
function of the cross-traffic intensity (i.e. T, = Tk (z)). the sender and the receiver are present. The above supplemen
Further, T is the time in seconds to transmit a packet dP the TOPP model can of course be incorporated into the case
size s over the wireless channel. This time is determined Byith several congestable links.
how the wireless signal is modulated, settings in the waele
network card and the size of the packet to be sent.
Substituting in Equation 5 with the expression far in

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

Equation 6 There is a need to differentiate between the estimates of
the link capacity produced by DietTopp, that is not constant
o  T(z)+T, 1 with respect to the cross-traffic rate and the probe-packef s
=y et (Tu(@) + T (7)  and the fixed physical link transmission capacity of the 802.
o

wireless link. Using the equations in the previous sectton t
Assume in the above equation that the probe-packet sendiferentiation is discussed in this section.
is injecting probe packets with a size obits. If changingthe  The TOPP model suggests that the bottleneck link capacity
probe-packet size te/n bits, wheren is an arbitrary number is computed asl/«, where « is the slope of the straight
(n > 1), the separation between the probe packets must als® b shown in Figure 1. As derived in the previous section
change in order to obtain the same raté.e. t,/n). Further, a = n*Ty(z) + T, whereT; is the actual transmission time
T, is decreased t@/n. Thus (which is constant if no change in the topology is madg)«)



The variation of Tk backoff timeTso in Equation 6. It should also be noted that

T T T

2.6e-07

Nocross yaff the slope ofl}, increases with increasing cross-traffic intensity.
2aeor T oo 1 We believe that the observed dependencyTpfon the
22607 - T 1 probe-packet size can be traced to the link-layer retragismi
2e07% 1 sion mechanism in 802.11 wireless networks [16]. A 802.11
veeor | ’ i 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

» 1.6e-07 q

1.4e-07 ~

R 1 is the lack of a link-layer acknowledgment that should be
ot : : transmitted back by the receiver node. When no link-layer
ge.08 - X X | acknowledgment is received, the link-layer on the senditg s
soon ‘ ‘ retransmits the packet. The question is; why is the packet si
250 500 pjjge_packels‘ze(;;‘g 1250 1o crucial to Ty when a link-layer retransmis_sion is triggered?
There are probably several reasons for this and we elaborate
Fig. 8. The variation off}, with increasing probe-packet size. on two below.

Collisions: In the case corresponding to the measurement
results presented in this work, the number of transmitted
corresponds to contention and backoff time in multiple ascebits (1.2 Mbit) is constant independently of the probe-mack
networks, such as wireless 802.11. Thus, calculalifi@; size, as described in Section Ill. Hence, sending one 1500
gives the physical link transmission capacity of the wissle pyte probe packet corresponds to sending six 250 byte probe
bottleneck link. First, assume thdi,(z) is constant, with packets. If one collision occur, in either case, one proluea
respect to the probe-packet size, tHEnis easily calculated has to be retransmitted by the link layer. The procentual
by solving the equation system below increase inT}, will be much higher using 1500 byte probe
= ny*Ty(z) + Ty

packets compared to using 250 byte probe packets. That is
{ (10) why T}, increases with increasing packet size.
= ngxTi(z) + T Noisy wireless link: If the wireless link is noisy the
wherea; andas correspond to link capacity estimates Wh”é)robab.lhty for bit errors in the transmitted packet inges.
n, andns are fixed during the measurement. Assuming that a constant number of probe packets are sent,

In Figure 3 (CBR case) the estimated link capacity is 5. ghe probability for encounterin_g bit errors will increasétw
Mbps = «;) when no cross traffic is present using 1508€ prob_e—packet Size. That is, the probe packet must be
byte probe packets (fix; = 1). Further, the estimated link "étransmitted andj, increases. _
capacity is approximately 4.16 Mbps=(as) in the same It_seems thatl}, is a(_:tually a f_unctlon of both the cross
scenario but when using 750 byte probe packets (thea 2). traffic and the_ p;_acket Size. That B = T (z, ). Assuming
That is,n; — 1 andn, — 2 since we use half the probe-the cross-traffic intensity is constant th&Rp(s) = ¢ + p * s

packet size is the second scenario. Solving the above equat{ereés is the probe-packet size while andy are constants
system with these values as inplif = 8.34~% which in describing the suggested straight lines in Figure 8.

turn gives a physical link transmission capacity of 10.5 §lbp 10 Pe able to calculaté;, that is the value corresponding to
This estimate is fairly close to 11 Mbps which is the lin§"€ Physical link transmission capacity of the wirelesk line
transmission capacity in the experiments. function Ty (x, s) must be known. In the case where no cross

However, solving similar equation systems using input froffalic flows on the wireless link7}; is rather constant (see
scenarios with competing cross traffi€, will not correspond ' 19ure 8) and thus7’ could be calculated, as shown above.
to a link transmission capacity of 11 Mbps at dilThis is oWever, whether itis possible to calculdtg in the general
impossible, sincel, is a physical, constant property of thecross-trafflc intensity case is left for future research.
wireless link (in our experiments). Thug, must vary with the V. OTHER OBSERVATIONS
probe-packet size for some reason. In Figure 8 the variatio
of Tj, is shown, assumind to be constant®, = 9.0978
which corresponds to a link transmission capacity of eyac
11 Mbps). As can be seen, the variatiori@fcan be described
by a straight line.

Further, as seen in the figuré, increases with increasing
cross-traffic intensity independent of the probe-packee.si
This is obvious since a high cross-traffic intensity incesathe

S

nDue to the fact that the probe-packet size affects the rate
fiesponse curve shown in Figure 1 (and thus affects both the
measured link capacity and the measured available barawidt
when using DietTopp), a possible method to identify a wisele
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 bentas
an indication that the path includes a wireless bottlen€hbis

1The exact numbers for the estimated link capacity is left but a rough is important since, as we have discussed, wireless botksne
approximation can be obtained from the figure. have different characteristics than wired bottlenecks.



An important consequence of the measurements we haarkets results in a lower variance when used for active
presented in this paper is that the available bandwidthbll probing in wireless 802.11 networks.
application dependent if the bottleneck is a wireless I
example, a voice over IP application or a distributed game
probably use small packets while a file transfer may use largél S. Ekelin, M. Nilsson, E. Hartikainen, A. Johnsson, J.rig8, B. Me-
packets. The available bandwidth for the applications ma lander, and M. Bjorkman, *Real-time measurement of endrtd-
. . L . available bandwidth using kalman filtering,” ipcoming Proceedings
be the same due tO thell’ paCket-Slze dlStl‘IbUtIOﬂ ThIS i;ean to the Network Operations and Management Sympqsmconvery
that when probing a path containing a wireless bottlenex li Canada, 2006. _ _ _ -
the estimation tool must use a probe-packet size distdbuti 2 Ribeiro, Riedi, Baraniuk, Navratil, and Cottrell, “gathirp: Efficient
e S ) available bandwidth estimation for network paths,Passive and Active
that corresponds to the specific application that is to use th  \easurement Workshp@003.

estimates. 3]
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