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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.

S 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 f; of its duty cycle D at an AP that
has wireless and end-to-end available bandwidths, w; and e;. Thus, the
client spends f; X D time at this AP and the remaining (1 — f;)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
X =¢e; ((] —f)D+ —)

wi
Eq. 14 means that the buffer gets data at rate e¢; 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 — f;)D and the second
lasts for f The total data received by the client in D seconds is,

14

DataReceived = x + ¢;(fiD — i)
wi

(15)

This means simply that the client receives x units from the buffer in time
% and once the buffer is depleted, receives data at the end-to-end rate
i

e; for the remaining f;D — f Since the client listens at the AP for
i

ListenTime = f;D, (16)
the client’s estimate of end-to-end available bandwidth is
DataReceived i
Estimate = i a7

ListenTime fi

Eq 17 is obtained by eliminating x from Egs. 14, 15, 16. But, if the
e

fraction of time that the client listens to the AP is smaller than L, itis
i
easy to see that the client will always be served data from the AP buffer
at the wireless available bandwidth w;. Hence, the estimate is
. €
Estimate = max (7, w,-) .

18
7 (18)
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