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ABSTRACT

Networking over UHF white spaces is fundamentally different
from conventional Wi-Fi along three axes: spatial variation, tem-
poral variation, and fragmentation of the UHF spectrum. Each of
these differences gives rise to new challenges for implementing a
wireless network in this band. We present the design and imple-
mentation of WhiteFi, the first Wi-Fi like system constructed on top
of UHF white spaces. WhiteFi incorporates a new adaptive spec-
trum assignment algorithm to handle spectrum variation and frag-
mentation, and proposes a low overhead protocol to handle tempo-
ral variation. WhiteFi builds on a simple technique, called SIFT,
that reduces the time to detect transmissions in variable channel
width systems by analyzing raw signals in the time domain. We
provide an extensive system evaluation in terms of a prototype im-
plementation and detailed experimental and simulation results.

Categories and Subject Descriptors:
C.2.1 [Computer-Communication Network]: Wireless communi-
cation

General Terms: Algorithms, Design, Experimentation

Keywords: white spaces, channel width, Wi-Fi, dynamic spectrum
access, cognitive radios

1. INTRODUCTION

The unused portions of the UHF spectrum, popularly referred to
as “white spaces”, represent a new frontier for wireless networks,
offering the potential for substantial bandwidth and long transmis-
sion ranges. These white spaces include, but are not limited to,
180 MHz of available bandwidth from channel 21 (512 MHz) to
51 (698 MHz), with the exception of channel 37. On November
4, 2008, the FCC issued a historic ruling permitting the use of un-
licensed devices in these white spaces [10]. In its ruling the FCC
imposed an important requirement that white space wireless de-
vices must not interfere with incumbents, including TV broadcasts
and wireless microphone transmissions. This landmark ruling was
a result of extensive tests performed by the FCC on white space
hardware prototypes that were submitted by Adaptrum, Microsoft,
Phillips and Motorola. These prototypes demonstrated feasible so-
lutions for an accurate and agile sensing of incumbent signals [9].
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Most of the prior research in UHF white spaces has focused
on accurately detecting the presence of incumbent RF signals
[14,17,18]. Recently, researchers have mentioned that they are
beginning to look at the problem of establishing a wireless link be-
tween white space devices [8,12]. Our research pushes the state-of-
art to the next level by going beyond a single link. We identify the
challenges of forming a UHF white space network and show how
to overcome them by presenting techniques, algorithms, and pro-
tocols backed up by extensive evaluation over a prototype network
as well as in simulations. We focus primarily on the problem of
setting up a Wi-Fi like network consisting of an Access Point (AP)
with multiple associated clients. We leave the case of evaluating
multiple APs with multiple clients as follow-on work. Our solu-
tions are complementary to the ongoing work in the IEEE 802.22
Working Group [1], as we discuss in Section 7.

To appreciate the networking problem, it is important to under-
stand the differences between white spaces and the popular ISM
bands where Wi-Fi devices operate. First, in both bands there is
spatial variation in spectrum availability, but the impact of this vari-
ation is higher in white spaces than in ISM bands. This is because
the FCC ruling requires non-interference with wireless transmis-
sions of primary users (incumbents) (Section 2.1). Second, since
the incumbents can operate in any portion of the white spaces,
the network must be designed to handle spectrum fragmentation,
with the possibility of each fragment being of different width. A
UHF channel is narrow (6 MHz wide in the US), and prior re-
search has shown that aggregating contiguous channels improves
throughput [15,21]. Consequently, the network must support vari-
able width channels (Section 2.2). Third, RF transmissions in white
spaces are subject to temporal variations because wireless micro-
phones can become active at any time without warning. Our ex-
periments show that even a single packet transmission causes au-
dible interference during wireless microphone transmissions. Con-
sequently, both the AP and its clients must disconnect and then
rapidly reconnect using a different available channel (Section 2.3).

We have built WhiteFi, a UHF white space wireless network that
adaptively configures itself to operate in the most efficient part of
the available white spaces. In the following sections we describe
three major innovations that allowed us to overcome the challenges
in networking white space devices. Briefly, our contributions are:

e A novel spectrum assignment algorithm for managing variable
bandwidth communications. Our algorithm is unique in the
way it addresses the dual challenges of spatial variation of avail-
able spectrum and spectrum fragmentation. We introduce a
new metric that leverages the available airtime measurements
from each available UHF channel to predict the available air-
time when using multiple channels.
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Figure 9: Time to discover one AP at various locations.

quency and width to discover the APs. In this section, we consider
two scenarios. First, we show the benefit of our algorithms as a
function of contiguous width. Then, we evaluate the benefits in
realistic settings, i.e., in metropolitan, suburban and rural settings.

Methodology: We set up two KNOWS devices as before, and
configured one as an AP and the other as a client. In the beginning
of the experiment, the AP started to beacon on a randomly chosen
UHF channel and channel width. We then measured the time for the
client to discover the AP using L-SIFT, J-SIFT and the non-SIFT
baseline. Depending on the scenario, we artificially specified the
spectrum at the AP and the client. The AP did not beacon on any
of the occupied channels, and the client did not scan these channels
for an AP.

Contiguous Channels: In this experiment, we set the spectrum
map to have only one available fragment. We varied the number of
UHF channels in the fragment from 1 to 30, since 30 is the total
number UHF channels that are available to portable devices. In
Figure 8, we plot the total time taken by L-SIFT and J-SIFT to
discover the AP as a fraction of the total time taken by the non-SIFT
baseline. When there is only one available UHF channel, the time
taken by all the algorithms is the same. However, when we increase
the width of the available fragment of spectrum, L-SIFT and J-
SIFT perform much better than the baseline. As expected, L-SIFT
outperforms J-SIFT initially (for narrow white-spaces) since it does
not require the “endgame” of trying to find the proper placing of
the AP channel. On the other hand, as exactly predicted by our
analysis in Section 4.2, J-SIFT becomes more efficient for white
spaces spanning more than 10 UHF channels (60 MHz).

Realistic Settings: We also measured the time to discover an AP
in metropolitan, suburban and rural areas in the US. We used the
methodology described for Figure 2 to obtain the spectrum maps
post-DTV transition. We randomly placed the AP on an available
channel and width and repeated the experiment 10 times for ev-
ery locale. As shown in Figure 9, in metro areas, where there are
fewer contiguous channels, J-SIFT is 34% faster than the baseline.
In rural areas (more contiguous channels), we see that J-SIFT can
discover APs in less than one-third the time taken by the baseline
algorithm.

5.3 Handling Disconnections

We now quantify the time taken by WhiteFi to reconnect dis-
connected clients. We setup a client and an AP and started a data
transfer between them. Then we switched on a wireless micro-
phone near the client. This causes the client to disconnect, and it
starts chirping on the backup channel. In our experimental setup,
the AP switched to the backup channel once every 3 seconds, and
picks up the chirp in at most 3 seconds. Immediately, the AP uses
the spectrum assignment algorithm to determine the best available
channel to operate on, and the system is operational again after a
lag of at most 4 seconds.

5.4 Spectrum Assignment

We now evaluate WhiteFi’s spectrum assignment algorithm. For
a detailed understanding of our algorithm, and to evaluate it under
varied settings, we decided to use the QualNet simulator [3]. The
need to use the simulator arose for two reasons. First, we were
constrained by having a limited number of prototype devices, and
second, we did not have an FCC license to transmit packets in the
TV bands. Therefore, we evaluated our system (spectrum assign-
ment, discovery and disconnection protocols) in a limited setting
— on a testbed spanning one floor in our building, and a maximum
transmit power of 1 mW.

Modifications to QualNet: We modified QualNet to support
variable channel widths by appropriately scaling the OFDM sym-
bol period, and various MAC layer parameters that were described
in [15]. We also adjusted the channel noise levels based on the
channel width. Furthermore, at every node, we explicitly drop
packets that were sent at a different channel width. To ensure that a
node appropriately contends with packets that are sent on overlap-
ping channels of different widths, we modified the carrier sensing
mechanism in QualNet such that a node spanning multiple UHF
channels will transmit a packet only if no carrier is sensed on any of
those channels. We also modified QualNet to support fragmented
spectrum. Every node reads its initial spectrum map from a config-
uration file.

5.4.1 Simulation Results

We study the performance of WhiteFi’s spectrum assignment
algorithm under various settings. First, we microbenchmark the
MCham metric, and show that it is a good estimate of the expected
throughput on a channel. Then, using large scale experiments, we
show that WhiteFi performs reasonably well under: (i) varying
amounts of background traffic on the channels, (ii) large amounts
of spatial variation in spectrum availability, and (iii) when there is a
lot of churn in background traffic. In all these experiments, WhiteFi
performs nearly as well as an optimal algorithm. In the process, we
also show the need for WhiteFi to adapt both the center frequency
and the channel width.

Microbenchmark Setup: To verify that MCham correctly pre-
dicts the channel that will lead to the best throughput, we sim-
ulate a spectrum fragment of 5 adjacent UHF channels (26-30),
each having one background client/AP-pair. There is one AP with
one associated client, transmitting a link-saturating UDP flow. We
vary the traffic intensity of the background nodes (from 0 to 50 ms
inter-packet delay) and measure the effect on the MCham metric
and client throughput when transmitting on the 5, 10, and 20 MHz
channels centered at channel 28.

Accuracy of the MCham Metric: The results in Figure 10 show
that the MCham metric accurately predicts which channel achieves
the highest throughput for any given background intensity. For ex-
ample, selecting a 20 MHz channel achieves best throughput until
a background traffic intensity of roughly 18 ms inter-packet delay.
Similarly, the MCham metric predicts that roughly at this level of
background traffic, 10 MHz and 20 MHz become equally good, and
the narrower 10 MHz channel surpasses the wider channel there-
after. Similarly, at about 24 ms inter-packet delay, 5 MHz starts
achieving the highest throughput, which is accurately predicted by
the MCham metric. We can conclude that the MCham metric yields
a reasonably accurate prediction of which channel width will result
in the highest throughput given a certain level of background traffic.

Setup of large-scale simulations: To better understand the be-
havior of WhiteFi in large-scale settings, the next three simulations
consider the following basic setup. We place one AP in the middle
of an area, and randomly distribute clients as well as background
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Figure 10: MCham value and resulting throughput of a 5, 10,
and 20 MHz channel as a function of background traffic in-
tensity. The MCham metric accurately predicts which channel
achieves highest throughput.

AP/client-pairs within transmission range of this AP (background
clients are always deployed within transmission range of their re-
spective background AP). The AP and clients are backlogged and
transmit UDP flows (up- and downstream). Background nodes
transmit constant-bit-rate (CBR) traffic at a pre-specified intensity.
All experiments are repeated 5 times with different random place-
ments of nodes, and results are averaged.

An underlying spectrum map is shared across all clients (except
in the experiment in which we focus on the impact of spatial vari-
ation). Specifically, the spectrum map is taken from our real mea-
surements in Section 2. There are 17 free UHF channels, and the
widest contiguous white space is 36 MHz, i.e., there are multiple
possibilities of selecting even 20 MHz wide channels for the AP.

In all experiments, we measure the per-client throughput of
clients/APs. We consider the following baseline algorithms for
comparison with WhiteFi. OPT 5 MHz denotes the through-
put achieved when statically picking the best (across all non-
incumbent) UHF channels. Similarly, OPT 10 MHz and OPT 20
MHz are the algorithms that statically pick the best possible 10
and 20 MHz channel, respectively. Finally, OPT is an ideal, om-
niscient algorithm that for every experiment run picks the channel
with maximum throughput. The goal of the WhiteFi spectrum as-
signment algorithm is to approach OPT as closely as possible.

Impact of Background Traffic: Figure 11 shows how WhiteFi
reacts to varying degrees of background traffic. Specifically, there
are X background AP/client-pairs in the system, each being ran-
domly assigned to one of the free UHF channels, and each sending
at a packet interval delay of 30 ms.

The figure shows that WhiteFi achieves close to optimal perfor-
mance for varying degree of background traffic. With little or no
background traffic, WhiteFi performs as well as picking the widest
available channel (OPT 20 MHz), which is optimal. As the traf-
fic increases, the throughput achieved by OPT 20 MHz drops, and
OPT 10 MHz becomes better (at about 10 background AP/client-
pairs). Even at this point WhiteFi performs near-optimally, which
shows that WhiteFi adaptively switches to narrower channels as
needed. In fact, our evaluation shows that WhiteFi is always within
14% of the optimal value throughput OPT.
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Figure 11: Impact of background traffic on throughput.
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Figure 12: Impact of spatial variation on throughput.

An important observation is that due to fragmentation and back-
ground traffic, there is no single best center frequency and channel
width that should be used in UHF white spaces. WhiteFi is capa-
ble of adjusting to the appropriate width and selects a near-optimal
channel.

Impact of Spatial Variation: Figure 12 shows the impact of
spatial variation on per-client throughput. In this experiment, there
are 10 clients connected the AP, and one background client/AP-
pair per UHF channel, transmitting at CBR with 30 ms inter-packet
delay. Spatial variation is modeled as follows. Each client and
the AP start with a common spectrum map. Then, for each client
(and AP) and for each UHF channel ¢, we randomly flip the entry
u; with probability P. In the experiment, we vary P from 0 (no
spatial variation) to 0.14 (large spatial variation).

It can be seen in the figure, spatial variation reduces achievable
aggregate throughput. Because the AP needs to select a channel
that is free at all clients, no contiguous free spectrum parts remain
available for P > 0.1, and hence, the aggregate throughput reduces
to the throughput of a single UHF channel (5 MHz). For low spatial
variation, the throughput is much higher when selecting a 20 MHz
wide (e.g. at P = 0.01) or a 10 MHz channel (e.g. at P = 0.05).
Generally, the figure highlights the need for adaptive channel width
in UHF white spaces: no single channel width (OPT 20 MHz, OPT
10 MHz, OPT 5 MHz) achieves close-to-optimal throughput in all
cases. On the other hand, WhiteFi is near-optimal in all cases.

Impact of Churn: Finally, we want to understand the impact of
churn (in terms of background traffic) on the throughput achieved
by WhiteFi and the various baseline algorithms. There are a total
of 34 background AP/client-pairs, two per free UHF channel. In
order to model churn, we model background nodes using a simple
discrete Markov chain with two states (A=active, P=passive). A
background node in the active state transmits CBR traffic with 60
ms inter-packet delay. A node in the passive state does not trans-
mit. We simulate this setting for various state transition probabil-
ities, selecting them to cover the entire range of (1) likelihood of
being in either state and (2) average state duration (see x-axis in
Figure 13). The extreme cases are (i) all nodes are always in state
P, (ii) nodes are in each state with equal likelihood and they remain
in their current state for an average of 30 seconds, and (iii) all nodes
are always in state A.
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Figure 14: Experimental validation of WhiteFi’s spectrum as-
signment algorithm on a testbed with variable background
traffic. Top figure shows the MCham metric for each of the
three channel widths. Bottom figure shows the throughput (av-
eraged over 5 sec windows) for WhiteFi and OPT.

Figure 13 shows that WhiteFi performs near-optimally for vary-
ing degree of churn. For low churn and little background traffic,
WhiteFi selects the widest channel. For high churn (e.g., state du-
ration 45 seconds and passive probability 1/3), always picking the
widest channel (OPT 20 MHz) becomes the worst performing al-
gorithm. Instead, WhiteFi is better than any static channel width
choice. In fact, WhiteFi even outperforms OPT. In this experiment,
this is possible because OPT is the optimal static channel selection
throughout the entire execution of the simulation. Instead, WhiteFi
is adaptive and can adjust to the current values of background traf-
fic, changing its channel accordingly.

5.4.2  Results from our Prototype

To demonstrate the adaptability of WhiteFi’s spectrum assign-
ment algorithm, we set up an experiment with an AP and a client
in our building, which is Building 5 in Figure 1. The spectrum map
of our building has the following free UHF channels: 26 to 30, 33
to 35, 39 and 48. Therefore, we have fragments of size 20 MHz, 10
MHz and two channels of 5 MHz to form a network.

Every client and AP using WhiteFi spends 1 second on every
UHF channel to determine the airtime utilization using SIFT, as
described in Section 5.1. All nodes feed their airtime to the AP,
which computes the MCham metric and decides on the channel to
use for the network. We present the throughput of our system with
time, and the corresponding MCham value on the different spec-
trum chunks in Figure 14.

Initially, when there is no background traffic, the AP and client
operate on the 20 MHz spectrum chunk between channels 26 and
30. Then at time 50 seconds, we introduce background traffic on
channels 26 through 29. Correspondingly, the value of the MCham
metric for the 20 MHz fragment drops sharply, and the AP and its
clients move to the 10 MHz spectrum fragment. As shown in the
figure, this is also the fragment that has the best throughput. Then
at time 100 seconds, we introduce background traffic on channels
33 and 34, and as before the value of the 10 MHz channel’s MCham
metric drops, and the system switches to channel 39 (any 5 MHz
chunk could have been chosen). Then at times 150 and 200 sec-
onds, we remove the background interference from channels 33
and 34, and from channels 26 through 29, respectively. Corre-
spondingly, WhiteFi switches to the fragment with the best MCham
value, i.e. to the 10 MHz fragment at 150 seconds, and to the 20
MHz fragment at 200 seconds. We conclude from the above ex-
periments that WhiteFi adaptively operates on the best part of the
spectrum.

6. DISCUSSION AND FUTURE WORK

White space networking provides a unique opportunity for clean-
slate network design, owing to the lack of existing standards. Our
decision to build the WhiteFi prototype with a Wi-Fi card was
motivated by several factors. Wi-Fi is a mature, well-understood
technology that is inexpensive and easily available. Several wire-
less card vendors we have spoken with are considering pushing
some version of Wi-Fi to the IEEE standards body for white space
networking. Additionally, Wi-Fi enabled us to build a prototype
quickly and focus on some of the higher layer issues that are some-
what agnostic to the existing physical and MAC protocols. How-
ever, we do realize that alternative designs are possible and might
be used in future networks. We discuss a few of these below.

WhiteFi leverages the technique described in [15], which re-
quires the AP and its clients to operate over the same contiguous
chunk of spectrum. An alternative technique might use a PHY
layer that operates over non-contiguous spectrum chunks. The AP
can then operate over the entire bandwidth, decoding signals from
the different clients who may be using different OFDM subcarri-
ers. For AP-to-client communications, the PHY layer could either
suppress or send a null signal on the subcarrier that the primary
user is using [21]. In theory this is a reasonable idea but it poses
two practical problems. First, leakage from adjacent subcarriers
causes interference to the primary user. To avoid this interference,
we would require a highly accurate bandpass filter of appropriate
bandwidth but to the best of our knowledge researchers are still
working on developing such sharp bandpass filters. Second, and
more importantly, sending data over different subcarriers to an AP
is difficult to implement for uplink traffic. We are not aware of any
system that can decode packets sent simultaneously from multiple
clients over non-overlapping subcarriers. This is an active research
area and we are investigating the practicality of such a system.

Another issue is our choice of CSMA/CA, the medium access
control (MAC) protocol for Wi-Fi, in WhiteFi. The research liter-
ature has several interesting proposals for MAC protocols, which
can be broadly categorized under Listen Before Transmit (LBT)
and Time Division Multiple Access (TDMA). Observing what is
happening in the ISM bands we made the decision that WhiteFi
must be able to co-exist with other unlicensed devices. The success
of LBT protocols (e.g., Wi-Fi) in the ISM bands made it a natural
choice for white space networking. We also believe that an alter-
native TDMA like MAC (e.g., Bluetooth) will not perform well in
white spaces without significant modifications. Local interference
from wireless microphones around the client or the AP would im-



pact slot scheduling and lead to poor performance. Furthermore,
in UHF white spaces the clients and AP may be over a mile away,
further aggravating the scheduling problem. Additional research is
needed to understand these issues and is out of scope for this paper.
Our initial results show that CSMA/CA is a reasonable choice for
white space networking.

Prior work has proposed the use of control channels to reserve
bandwidth and spectrum [12,24]. While there are advantages to
a control channel design, we believe that control channels can be
compromised, thus bringing down the network. Also, control chan-
nel based solutions are prone to the range-mismatch problem [24].
We overcome these problems by not using a dedicated control
channel. WhiteFi uses a backup channel in the white spaces (in-
stead of 900 MHz spectrum as proposed by CMAC [24]) thereby
avoiding the range mismatch problem. Also, WhiteFi does not use
a static control channel. It dynamically adapts the backup channel
to operate on spectrum that is not occupied by a primary user.

7. RELATED WORK

Prior work has mostly focussed on the problem of opportunis-
tically forming a single link over UHF white spaces [8, 12]. This
involves accurate sensing of the spectrum [14,17,18], reliable iden-
tification of incumbents, and radio agility on detecting a primary.
However, to the best of our knowledge, no prior work has studied
the problems of forming a Wi-Fi like network over white spaces.

WhiteFi builds upon our prior work on KNOWS [24], which uses
a similar hardware platform and proposes a control channel based
MAC protocol for ad hoc networks over white spaces. WhiteFi
looks at the problem of forming an AP based network while reusing
the Wi-Fi MAC and without using a control channel.

A complementary effort to WhiteFi is the IEEE 802.22 [1] work-
ing group’s proposal for WRANs (Wireless Regional Area Net-
works) over UHF white spaces. It is intended to provide wireless
broadband access to rural areas and neighborhoods. In contrast,
WhiteFi considers a usage model similar to Wi-Fi, with one AP
providing coverage to several possibly mobile users. Despite the
difference in the scenarios, the techniques developed by WhiteFi,
for disconnection, discovery and spectrum assignment, are also ap-
plicable in WRANS. For example, the 802.22 draft includes support
for variable widths, although it does not specify how to use it.

A recent technology that enables unlicensed devices to co-exist
with licensed users is SWIFT [21]. SWIFT pokes the primary user
to learn about its presence. Unfortunately, this technology cannot
be used over white spaces because the FCC does not allow “testing”
the presence of an incumbent by “poking” at it with a transmission.
Also, the incumbents of UHF white spaces do not back off.

8. CONCLUSIONS

In this paper, we have presented the design and implementa-
tion of WhiteFi, the first white space Wi-Fi like wireless network.
We moved beyond the current state-of-art that considers a single
link to building a real network with multiple links. In building
WhiteFi we identified and described several unique challenges in
operating a white space network and showed with extensive ex-
periments how white space networks differ from ISM band Wi-Fi
netwoks. WhiteFi contributes a new spectrum assignment algo-
rithm that solves the dual challenges of spatial variation of avail-
able spectrum and spectrum fragmentation. We further described
a new mechanism that quickly discovers APs operating anywhere
in the 180 MHz white space, using any arbitrary channel width.
We also described a new technique for handling disconnections
where clients signal to the AP without interfering with ongoing
wireless microphone transmissions. Underlying our solutions is

a new application of a signal recognition technique called SIFT,
which quickly analyzes packets in the time domain, allowing fast
AP discovery and managing disconnections due to temporal varia-
tions. We demonstrated WhiteFi in the context of our custom built
prototype UHF hardware and QualNet simulations. As part of on-
going work, we are deploying WhiteFi over a campus wide white
space network.
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