
















is connected.
• Second, FatVAP sends out an 802.11 management

frame indicating to the old AP that the host is going
into power save mode. The AP then buffers all future
packets that need to go to the host.

• Unfortunately, these above two cases do not cover
packets that may already be on-the-way, i.e., pack-
ets might be in the card’s transmit queue waiting to
be sent or might even be in the air. To prevent packet
loss, FatVAP waits a little bit for the current packet
on the air to be received before halting the hardware.
FatVAP also preserves the packets waiting in the in-
terface’s transmit queue. The transmit queue of the
old interface is simply detached from the HAL and is
re-attached when the interface is next scheduled.

• Fourth, FatVAP resets the hardware settings of the
card and pushes the new association state into the
HAL. If the new AP is on a different channel, the card
changes channels and listens at the new frequency
band.

• Finally, waking up the new interface is simple as the
hardware is now on the right channel. FatVAP sends
out a management frame telling the new AP that the
host is coming out of power save, the AP immediately
starts forwarding buffered packets to the host.

3.3.2 Transparent Switching

We would like FatVAP to work with unmodified APs.
Switching APs transparently involves handling these
practical deployment scenarios.

(a) Cannot Use a Single MAC Address: When two APs
are on the same 802.11 channel (operate in the same fre-
quency band), as in Fig. 8a, you cannot connect to both
APs with virtual interfaces that have the same MAC ad-
dress. To see why this is the case, suppose the client uses
both AP1 and AP2 that are on the same 802.11 channel.
While exchanging packets with AP2, the client claims to
AP1 that it has gone into the power-save mode. Unfor-
tunately, AP1 overhears the client talking to AP2 as it
is on the same channel, concludes that the client is out
of power-save mode, tries to send the client its buffered
packets and when un-successful, forcefully deauthenti-
cates the client.

FatVAP confronts MAC address problems with an
existing feature in many wireless chipsets that allows a
physical card to have multiple MAC addresses [4]. The
trick is to change a few of the most significant bits across
these addresses so that the hardware can efficiently listen
for packets on all addresses. But, of course, the number of
such MAC addresses that a card can fake is limited. Since
the same MAC address can be reused for APs that are on
different channels, FatVAP creates a pool of interfaces,
half of which have the primary MAC, and the rest have

unique MACs. When FatVAP assigns a MAC address to
a virtual interface, it ensures that interfaces connected to
APs on the same channel do not share the MAC address.

(b) Light-Weight APs (LWAP): Some vendors allow a
physical AP to pretend to be multiple APs with differ-
ent ESSIDs and different MAC addresses that listen on
the same channel, as shown in Fig. 8b. This feature is of-
ten used to provide different levels of security (e.g., one
light-weight AP uses WEP keys and the other is open)
and traffic engineering (e.g., preferentially treat authen-
ticated traffic). For our purpose of aggregating AP band-
width, switching between light weight APs is useless as
the two APs are physically one AP.

FatVAP uses a heuristic to identify light-weight APs.
LWAPs that are actually the same physical AP share
many bits in their MAC addresses. FatVAP connects to
only one AP from any set of APs that have fewer than
five bits different in their MAC addresses.

4 EVALUATION

We evaluate our implementation of FatVAP in the
Madwifi driver in an internal testbed we built with APs
from Cisco and Netgear, in hotspots served by com-
mercial providers like T-Mobile, and in residential areas
which have low-cost APs connected to DSL or cable mo-
dem backends.

Our results reveal three main findings.

• In the testbed, FatVAP performs as expected. It bal-
ances load across APs and aggregates their avail-
able backhaul bandwidth, limited only by the wire-
less capacity and application demands. This result is
achieved even when the APs are on different wireless
channels.

• In today’s residential and Hotspot deployments (in
Cambridge/Somerville, MA), FatVAP delivers to the
end user a median throughput gain of 2.6x, and re-
duces the median response time by 2.8x.

• FatVAP safely co-exists with unmodified drivers and
other FatVAP clients. At each AP, FatVAP com-
petes with unmodified clients as fairly as an unmodi-
fied MadWifi driver, and is sometimes fairer because
FatVAP moves away from congested APs. FatVAP
clients are also fair among themselves.

4.1 Experimental Setup

(a) Drivers We compare the following two drivers.
• Unmodified Driver: This refers to the madwifi

v0.9.3 [4] driver. On linux, MadWifi is the current
defacto driver for Atheros chipsets and is a natural
baseline.

• FatVAP: This is our implementation of FatVAP as an
extension of madwifi v0.9.3. Our implementation in-
cludes the features described in §3, and works in con-
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Operation
Time (µs)

Mean STD
IP Checksum Recompute 0.10 0.09

TCP/UDP Checksum Recompute 0.12 0.14
Flow Lookup/Add in HashTable 2.52 2.30

Running the Scheduler 16.21 4.85
Switching Delay 2897.48 2780.71

Table 1: Latency overhead of various FatVAP operations.

junction with autorate algorithms, carrier-sense, CTS-
to-self protection, etc.

(b) Access Points: Our testbed uses Cisco Aironet
1130AG Series access points and Netgear’s lower-cost
APs. We put the testbed APs in the 802.11a band so as
to not interfere with our lab’s existing infrastructure. Our
outside experiments run in hotspots and residential de-
ployments and involve a variety of commercial APs in the
802.11b/g mode, which shows that FatVAP works across
802.11a/b/g. The testbed APs can buffer up to 200 KB for
a client that enters the power-save mode.3 Testbed APs
are assigned different 802.11a channels (we use channels
40, 44, 48, 52, 56 and 60). The wireless throughput to all
APs in our testbed is in the range [19− 22] Mb/s. The ac-
tual value depends on the AP, and differs slightly between
uplink and downlink scenarios. APs in hotspots and res-
idential experiments have their own channel assignment
which we do not control.

(c) Wireless Clients: We have tested with a few differ-
ent wireless cards, from the Atheros chipsets in the lat-
est Thinkpads (Atheros AR5006EX) to older Dlink and
Netgear cards. Clients are 2GHz x86 machines that run
Linux v2.6. In each experiment, we make sure that Fat-
VAP and the compared unmodified driver use similar ma-
chines with the same kernel version/revision and the same
card.

(d) Traffic Shaping: To emulate an AP backhaul link,
we add a traffic shaper behind each of our test-bed APs.
This shaper is a Linux box that bridges the APs traffic
to the Internet and has two Ethernet cards, one of which
is plugged into the lab’s (wired) GigE infrastructure, and
the other is connected to the AP. The shaper controls the
end-to-end bandwidth through a token bucket based rate-
filter whose rate determines the capacity of AP’s access
link. We use the same access capacity for both downlink
and uplink.

(e) Traffic Load: All of our experiments use TCP. A
FatVAP client assigns traffic to APs at the granularity of
a TCP flow as described in §3.2. An unmodified client
assigns traffic to the single AP chosen by its unmodified
driver [4]. Each experiment uses one these traffic loads.

3We estimate this value by computing the maximum burst size that
a client obtains when it re-connects after spending a long time in the
power-save mode.

• Long-lived iperf TCP flows: In this traffic load, each
client has as many parallel TCP flows as there are
APs. Flows are generated using iperf [2] and each
flow lasts for 5 minutes.

• Web Traffic: This traffic load mimics a user browsing
the Web. The client runs our modified version of Web-
Stone 2.5 [8] a tool for benchmarking Web servers.
Requests for new Web pages arrive as a Poisson pro-
cess with a mean of 2 pages/s, the number of objects
on a page is exponentially distributed with a mean
of 20 objects/page, the objects themselves are copies
of actual content on the CSAIL Web server and have
sizes that are roughly a power-law with mean equal to
15KB. Note that popular browsers usually open mul-
tiple parallel connections to the same server or differ-
ent servers to quickly download the various objects on
a web page (e.g., images, scripts) [18].

• BitTorrent: Here, we use the Azureus [1] BitTorrent
client to fetch a 500MB file. The tracker is on a
CSAIL machine, and 8 Planetlab nodes act as peers.
Note that BitTorrent fetches data in parallel from mul-
tiple peers.

4.2 Microbenchmarks

To profile the various components of FatVAP, we use
the x86 rdtscll instruction for fine-grained timing infor-
mation. rdtscll reads a hardware timestamp counter that is
incremented once every CPU cycle. On our 2 GHz client,
this yields a resolution of 0.5 nano seconds.

Table 1 shows our microbenchmarks. The table shows
that the delay seen by packets on the fast-path (e.g., flow
lookup to find which AP the packets need to go to, re-
computing checksums) is negligible. Similarly, the over-
head of computing and updating the scheduler is mini-
mal. The bulk of the overhead is caused by AP switching.
It takes an average of 3 ms to switch from one AP to
another. This time includes sending a power save frame,
waiting until the HAL has finished sending/receiving the
current packet, switching both the transmit and receive
queues, switching channel/AP, and sending a manage-
ment frame to the new AP informing it that the client is
back from power save mode. The standard deviation is
also about 3 ms, owing to the variable amount of pend-
ing interrupts that have to be picked up. Because FatVAP
performs AP switching in the driver, its average switching
delay is much lower than prior systems (3ms as opposed
to 30-600ms). We note that switching cost directly affects
the throughput a user can get. A user switching between
two APs every 100ms, would only have 40ms of usable
time left if each switch takes 30ms, as opposed to 94ms
of usable time when each switch takes 3ms and hence can
more than double his throughput (94% vs. 40% use).
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Figure 10: At time t = 100s, the available bandwidth at the first access link
changes from 15Mb/s to 5Mb/s, whereas the available bandwidth at the second
access link changes from 5Mb/s to 15Mb/s. FatVAP quickly rebalances the load
and continues to deliver the sum of the APs’ available end-to-end bandwidth. In
the scenario, an unmodified driver limits the client to AP1’s available bandwidth.

4.3 Can FatVAP Aggregate AP Backhaul Rates?

FatVAP’s main goal is to allow users in a hotspot or at
home to aggregate the bandwidth available at all accessi-
ble APs. Thus, in this section we check whether FatVAP
can achieve this goal.

Our experimental setup shown in Fig. 9(a) has n =
{1, 2, 3, 4, 5}APs. The APs are on different channels and
each AP has a relatively thin access link to the Inter-
net (capacity 6Mb/s), which we emulate using the traf-
fic shaper described in §4.1(c). The wireless bandwidth
to the APs is about [20 − 22]Mb/s. The traffic consti-
tutes of long-lived iperf TCP flows, and there are as many
TCPs as APs, as described in §4.1(d). Each experiment is
first performed by FatVAP, then repeated with an unmod-
ified driver. We perform 20 runs and compute the average
throughput across them. The question we ask is: does Fat-
VAP present its client with a fat virtual AP, whose back-
haul bandwidth is the sum of the AP’s backhaul band-
widths?

Figs. 9(b) and 9(c) show the aggregate throughput of
the FatVAP client both on the uplink and downlink, as a

function of the number of APs that FatVAP is allowed to
access. When FatVAP is limited to a single AP, the TCP
throughput is similar to running the same experiment
with an unmodified client. Both throughputs are about
5.8Mb/s, slightly less than the access capacity because
of TCP’s sawtooth behavior. But as FatVAP is given ac-
cess to more APs, its throughput doubles, and triples. At
3 APs, FatVAP’s throughput is 3 times larger than the
throughput of the unmodified driver. As the number of
APs increases further, we start hitting the maximum wire-
less bandwidth, which is about 20-22Mb/s. Note that Fat-
VAP’s throughput stays slightly less than the maximum
wireless bandwidth due to the time lost in switching be-
tween APs. FatVAP achieves its maximum throughput
when it uses 4 APs. In fact, as a consequence of switching
overhead, FatVAP chooses not to use the fifth AP even
when allowed access to it. Thus, one can conclude that
FatVAP effectively aggregates AP backhaul bandwidth
up to the limitation imposed by the maximum wireless
bandwidth.

4.4 Can FatVAP Adapt to Changes in Bandwidth?

Next, if an AP’s available bandwidth changes, we
would like FatVAP to re-adjust and continue delivering
the sum of the bandwidths available across all APs. Note
that an unmodified MadWifi cannot respond to changes
in backhaul capacity. On the other hand, FatVAP’s con-
stant estimation of both end-to-end and wireless band-
width allows it to react to changes within a couple of sec-
onds. We demonstrate this with the experiment in Fig. 10,
where two APs are bottlenecked at their access links. As
before, the APs are on two different channels, and the
bandwidth of the wireless links to the APs is about [21-
22]Mb/s. At the beginning, AP1 has 15Mb/s of avail-
able bandwidth, whereas AP2 has only 5Mb/s. At time
t = 100s, we change the available bandwidth at the two
APs, such that AP1 has only 5Mb/s and AP2 has 15 Mb/s.
Note that since the aggregated available bandwidth re-
mains the same, FatVAP should deliver constant through-
put across this change. We perform the experiment with
a FatVAP client, and repeat it with an unmodified client
that connects to AP1 all the time. In both cases, the client
uses iperf [2] to generate large TCP flows, as described
in §4.1(d).

Fig. 10(b) shows the client throughput, averaged over
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Figure 11: Because it balances the load across the two APs, FatVAP achieves a significantly lower response time for Web traffic in comparison with an unmodified
driver.

2s intervals, as a function of time. The figure shows that if
the client uses an unmodified driver connected to AP1, its
throughput will change from 15Mb/s to 5Mb/s in accor-
dance with the change in the available bandwidth on that
AP. FatVAP, however, achieves a throughput of about 18
Mb/s, and is limited by the sum of the APs’ access capac-
ities rather than the access capacity of a single AP. Fat-
VAP also adapts to changes in AP available bandwidth,
and maintains its high throughput across such changes.

4.5 Does FatVAP Balance the Load across APs?

A second motivation in designing FatVAP is to bal-
ance load among nearby APs. To check that FatVAP in-
deed balances AP load, we experiment with two APs
and one client, as shown in Fig. 11(a). We emulate a
user browsing the Web. Web sessions are generated using
WebStone 2.5, a benchmarking tool for Web servers [8]
and fetch Web pages from a Web server that mirrors our
CSAIL Web-server, as described in §4.1(d).

Fig. 11(b) shows that FatVAP effectively balances the
utilization of the APs’ access links, whereas the unmod-
ified driver uses only one AP, congesting its access link.
Fig. 11(c) shows the corresponding response times. It
shows that FatVAP’s ability to balance the load across
APs directly translates to lower response times for Web
requests. While the unmodified driver congests the de-
fault APs causing long queues, packet drops, TCP time-
outs, and thus long response times, FatVAP balances AP
loads to within in a few percent, preventing congestion,
and resulting in much shorter response times.

4.6 Does FatVAP Compete Fairly with Unmodified
Drivers?

We would like to confirm that regardless of how
FatVAP schedules APs, a competing unmodified driver
would get its fair share of bandwidth at an AP. We run the
experiment in Fig. 12(a), where a FatVAP client switches
between AP1 and AP2, and shares AP1 with an unmod-
ified driver. In each run, both clients use iperf to gener-
ate long-lived TCP flows, as described in §4.1(d). For the
topology in Fig. 12(a), since AP1 is shared by two clients,
we have w1 = 19/2 = 9.5Mb/s, and e1 = 10/2 =
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(b) Throughput of FatVAP and a competing unmodified driver

Figure 12: FatVAP shares the bandwidth of AP1 fairly with the unmodified driver.
Regardless of how much time FatVAP connects to AP1, the unmodified driver gets
half of AP1’s capacity, and sometimes more. The results are for the downlink. The
uplink shows a similar behavior.

5Mb/s. AP2 is not shared, and has w2 = 20Mb/s, and
e2 = 5Mb/s.

Fig. 12(b) plots the throughput of both FatVAP and an
unmodified driver when we impose different time-sharing
schedules on FatVAP. For reference, we also plot a hor-
izontal line at 5Mb/s, which is one half of AP1’s access
capacity. The figure shows that regardless of how much
time FatVAP connects to AP1, it always stays fair to the
unmodified driver, that is, it leaves the unmodified driver
about half of AP1’s capacity, and sometimes more. Fat-
VAP achieves the best throughput when it spends about
55-70% of its time on AP1. Its throughput peaks when it
spends about 64% of its time on AP1, which is, in fact,
the solution computed by our scheduler in §3.1 for the
above bandwidth values. This shows that our AP sched-
uler is effective in maximizing client throughput.

4.7 Are FatVAP Clients Fair Among Themselves?

When unmodified clients access multiple APs the ag-
gregate bandwidth is divided at the coarse granularity of a
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(b) Average throughput of five clients contending for two APs.

Figure 13: FatVAP clients compete fairly among themselves and have a fairer
throughput allocation than unmodified clients under the same conditions.

client. This causes significant unfairness between clients
that use different APs. The situation is further aggra-
vated since unmodified clients pick APs based on signal
strength rather than available bandwidth, and hence can
significantly overload an AP.

Here, we look at 5 clients that compete for two
APs, where AP1 has 2Mb/s of available bandwidth and
AP2 has 12 Mb/s, as shown in Fig. 13(a). The traffic
load consists of long-lived iperf TCP flows, as described
in §4.1(d). Fig. 13(b) plots the average throughput of
clients with and without FatVAP. With an unmodified
driver, clients C1 and C2 associate with AP1, thereby
achieving a throughput of less than 1Mb/s. The remaining
clients associate with AP2 for roughly 4Mb/s through-
put for each. However, FatVAP’s load balancing and fine-
grained scheduling allow all five clients to fairly share the
aggregate bandwidth of 14 Mb/s, obtaining a throughput
of roughly 2.8 Mb/s each, as shown by the dark bars in
Fig. 13(b).

4.8 FatVAP in Residential Deployments

We demonstrate that FatVAP can bring real and im-
mediate benefits in today’s residential deployments. To
do so, we experiment with FatVAP in three residential
locations in Cambridge, MA, shown in Fig. 14. Each of
these locations has two APs, and all of them are homes
of MIT students, where neighbors are interested in com-
bining the bandwidth of their DSL lines. Again, in these
experiments, we run Web sessions that access a mirror of
the CSAIL Web-server, as explained in §4.1(d). In each
location, we issue Web requests for 10 min, and repeat
the experiment with and without FatVAP.

Fig. 15(a) plots the CDF of throughput taken over all

Figure 14: Location of residential deployments (in red) and hotspots (in blue)
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Figure 15: FatVAP’s performance in three residential deployments in Cambridge,
MA. The figure shows that FatVAP improves the median throughput by 2.6x and
reduces the median response time by 2.8x.

the web requests in all three locations. The figure shows
that FatVAP increases the median throughput in these res-
idential deployments by 2.6x. Fig. 15(b) plots the CDF
of the response time taken over all requests. The figure
shows that FatVAP reduces the median response time by
2.8x. Note that though all these locations have only two
APs, Web performance more than doubled. This is due to
FatVAP’s ability to balance the load across APs. Specifi-
cally, most Web flows are short lived and have relatively
small TCP congestion windows. Without load balancing,
the bottleneck drops a large number of packets, causing
these flows to time out, which results in worse through-
puts and response times. In short, our results show that
FatVAP brings immediate benefit in today’s deployments,
improving both client’s throughput and response time.

4.9 Hotspots

Results in Hotspots show that FatVAP can aggregate
throughput across commercial access points. The traf-
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Figure 16: FatVAP’s performance in two hotspots in Cambridge/Somerville, MA,
showing that FatVAP improves throughput for Web downloads and BitTorrent.

fic load uses both Web downloads and BitTorrent and is
generated as described in §4.1(d). Our results show that
both Web sessions and BitTorrent obtain much improved
throughput compared to the unmodified driver. Fig. 16
shows that, depending on the Hotspot, FatVAP delivers
an average throughput gain of 1.5-10x to Web traffic,
and 2 − 6x to BitTorrent. The huge gains obtained in the
Broadway site are because the AP with the highest RSSI
was misconfigured with a very large queue size. When
congested, TCPs at this AP experienced a huge RTT in-
flation, time-outs, and poor throughput.

5 RELATED WORK

Related work falls in two main areas.
(a) Connecting to Multiple APs: There has been much
interest in connecting a wireless user to multiple net-
works. Most prior work uses separate cards to connect
to different APs or cellular base stations [5, 23, 27].
PERM [27] connects multiple WiFi cards to different res-
idential ISPs, probes the latency via each ISP, and assigns
flows to cards to minimize latency. Horde [23] uses mul-
tiple cellular connections via different providers. In con-
trast to this work which stripes traffic across independent
connections, FatVAPuses the same card to associate and
exchange data with multiple APs. Further, FatVAP uses
virtual connections to these APs that are very much de-
pendent and so are the throughput estimates that FatVAP
uses to choose APs.

The closest to our work is the MultiNet project [13],
which was later named VirtualWiFi [6]. MultiNet ab-
stracts a single WLAN card to appear as multiple vir-
tual WLAN cards to the user. The user can then config-
ure each virtual card to connect to a different wireless

network. MultiNet applies this idea to extend the reach
of APs to far-away clients and to debug poor connectiv-
ity. We build on this vision of MultiNet but differ in de-
sign and applicability. First, MultiNet provides switching
capabilities but says nothing about which APs a client
should toggle and how long it should remain connected
to an AP to maximize its throughput. In contrast, FatVAP
schedules AP switching to maximize throughput and bal-
ance load. Second, FatVAP can switch APs at a fine time
scale and without dropping packets; this makes it the
only system that maintains concurrent TCP connections
on multiple APs.

(b) AP Selection: Current drivers select an AP based on
signal strength. Prior research has proposed picking an
AP based on load [20], potential bandwidth [28], and a
combination of metrics [21]. FatVAP fundamentally dif-
fers from these techniques in that it does not pick a single
AP, but rather multiplexes the various APs in a manner
that maximizes client throughput.

6 DISCUSSION

Here, we discuss some related issues and future work.
(a) Multiple WiFi Cards: While FatVAP benefits from

having multiple WiFi cards on the client’s machine, it
does not rely on their existence. We made this design de-
cision for various reasons. First most wireless equipments
naturally come with one card and some small handheld
devices cannot support multiple cards. Second, without
FatVAP the number of cards equals the number of APs
that one can connect with, which limits such a solution
to a couple of APs. Third, cards that are placed very
close to each other may interfere; WiFi channels over-
lap in their frequency masks [16] and could leak power to
each other’s bands particularly if the antennas are placed
very close. Forth, even with multiple cards, the client still
needs to pick which APs to connect to and route traf-
fic over these APs as to balance the load. FatVAP does
not constrain the client to having multiple cards. If the
client however happens to have multiple cards, FatVAP
would allow the user to exploit this capability to expand
the number of APs that it switches between and hence
improve the overall throughput.

(b) Channel Bonding and Wider Bands: Advances
like channel bonding (802.11n) and wider bands (40MHz
wide channels) increase wireless link capacity to hun-
dreds of Mb/s. Such schemes widen the gap between the
capacity of the wireless link and the AP’s backhaul link,
making FatVAP more useful. In such settings, FatVAP
lets one wireless card collect bandwidth from tens of APs.

(c) WEP and Splash Screens: We are in the process of
adding WEP and splash-screen login support to our Fat-
VAP prototype. Supporting WEP keys is relatively easy,
the user needs to provide a WEP key for every secure AP
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that he wants to access. FatVAP reads a pool of known
<WEP key, ESSID> tuples and uses the right key to
talk to each protected AP. Supporting splash screen lo-
gins used by some commercial hot-spots, is a bit more
complex. One would need to pin all traffic to an AP for
the duration of authentication, after which FatVAP can
distribute traffic as usual.

7 CONCLUSION

Prior work has documented the abundance of 802.11
access points and the fact that APs occur in bunches—
if you see one, it is likely that many others are close by.
This paper takes the next step by aggregating bandwidth
across the many available APs, that may be spread across
different channels. To the best of our knowledge, FatVAP
is the first driver to choose how to long to connect to each
AP, maintain concurrent TCP flows through multiple APs
and provide increased throughput to unmodified applica-
tions. FatVAP requires no changes to the 802.11 MAC or
to access points. Fundamentally, FatVAP relaxes the con-
straint that a user with one card can only connect with
one access point to achieve both better performance for
users and a better distribution of load across APs.
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A END-TO-END AVAILABLE RATE INFLATION

Suppose that the client spends fi of its duty cycle D at an AP that
has wireless and end-to-end available bandwidths, wi and ei. Thus, the
client spends fi ×D time at this AP and the remaining (1 − fi)D time at
other APs. The AP buffers data that it receives when the client is away
and delivers this data when the client next connects to the AP. Let x be
the amount served out of the AP’s buffer, then

x = ei

„

(1 − fi)D +
x

wi

«

(14)

Eq. 14 means that the buffer gets data at rate ei during two phases: when
the client is away from the AP and when data in the buffer is being
delivered to the client. The first phase lasts for (1− fi)D and the second
lasts for x

wi
. The total data received by the client in D seconds is,

DataReceived = x + ei(fiD −

x

wi
). (15)

This means simply that the client receives x units from the buffer in time
x

wi
and once the buffer is depleted, receives data at the end-to-end rate

ei for the remaining fiD −
x

wi
. Since the client listens at the AP for

ListenTime = fiD, (16)

the client’s estimate of end-to-end available bandwidth is

Estimate =
DataReceived

ListenTime
=

ei

fi
. (17)

Eq 17 is obtained by eliminating x from Eqs. 14, 15, 16. But, if the
fraction of time that the client listens to the AP is smaller than ei

wi
, it is

easy to see that the client will always be served data from the AP buffer
at the wireless available bandwidth wi. Hence, the estimate is

Estimate = max

„

ei

fi
, wi

«

. (18)
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