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The opening of TV white space (TVWS) bands for cognitive access is one of the first tangible
steps to solve spectrum scarcity problem in current wireless networks. However, this has
also raised many new challenges to efficiently use the TVWS spectrum. One of the primary
challenges is the design of efficient Medium Access Control (MAC) protocols that conform
to various rules imposed to protect primary users as well as accommodate spatio-temporal
variations of the TVWS spectrum. This article presents MAC-related challenges related to
cognitive access to TVWS, discusses potential approaches to overcoming these challenges,
and investigates open research issues. It also reviews regulatory activities in several
countries and worldwide standardization efforts for TVWS access.
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1. Introduction

The spectrum scarcity problem is becoming more and
more challenging in current wireless networks due to
exponential growth of wireless traffic. The Cognitive Radio
(CR) paradigm has emerged as an efficient method to
improve spectrum usage and help to address the spectrum
scarcity problem. The idea of CR is to allow unlicensed
devices to access underutilized licensed spectrum without
causing harmful interference to incumbent communica-
tion services. The U.S. Federal Communications
Commission (FCC) has published its final regulations to
allow unlicensed radio devices to operate in the broadcast
television spectrum at locations where that spectrum is
not being used by licensed services. The spectrum is
termed ‘‘TV white space’’ (or ‘‘TVWS’’). TVWS access is a
promising method to address spectrum scarcity problem
due to large amount of TVWS spectrum resources and
better propagation properties of TVWS channels.
One of the primary challenges of TVWS access is the
design of efficient Medium Access Control (MAC) protocols.
The cognitive MAC protocol is required to not only protect
primary users (PUs) (e.g., TV stations and wireless micro-
phones) from harmful interference caused by secondary
users (SUs), but also deal with spatial–temporal variations
of TVWS. Additionally, a cognitive MAC protocol must
enable the coexistence of heterogeneous TV band devices
(TVBDs) to operate in TVWS, which is very challenging
due to significant differences of these TVBDs in terms of
signal characteristics (such as bandwidth, modulation
and power spectral density), transmit power levels, PHY/
MAC techniques and mobility characteristics. Furthermore,
increased mutual interference in TVWS makes the design
of cognitive MAC protocols more difficult. More specifi-
cally, mutual interference in TV bands is significantly
increased due to better propagation properties of TVWS
channels, such as higher aperture gain, lower diffraction
losses, less scattering, excellent RF penetration depth.

In this article, we survey MAC related issues for TVWS
access, discuss potential approaches to addressing these
issues and investigate open research issues. In Section 2,
we discuss discovery of spectrum opportunities in TVWS.
In Section 3, coexistence related issues are discussed in
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detail, including classification of coexistence issues and
approaches, coexistence of homogeneous and heteroge-
neous secondary networks in TVWS. Section 4 focuses on
operational issues on TVWS access, i.e., dealing with
fragmentation of TVWS, diverse transmit power levels of
TVBDs, design of efficient channel assignment mecha-
nisms, seamless migration from SUs’ licensed spectrum
to TVWS, cognitive spectrum handoff in TVWS, quality of
service provisioning and support of broadcast in TVWS.
Then we review regulatory activities in several countries
and worldwide standardization efforts on TVWS access in
Sections 5 and 6, respectively. Finally, we conclude the
article in Section 7.

MAC issues in CR networks have been widely explored,
and many survey papers have been published to
investigate these issues in both general CR networks (e.g.,
[1–4]) and CR networks operating in TVWS (e.g., [5–7]).
Compared with these works, the contributions of this
survey can be summarized as follows:

1. Provide a more comprehensive summary of MAC issues
and corresponding methods on TVWS access. First, we
include numerous MAC issues that were not widely
explored in existing surveys on CR MAC protocols
(e.g., [1,2]). For example, various coexistence issues in
CR networks discussed in this paper have been rarely
investigated in existing surveys. Second, compared with
previous surveys on TVWS access (e.g., [5,6]), we con-
sider more novel issues, e.g., fragmentation of TVWS
spectrum, quality of service provisioning and migration
from SUs’ licensed spectrum to TVWS.

2. Extend existing analysis on many existing MAC issues.
Even though many MAC issues in this paper have been
discussed in previous surveys, we extend these works
and provide more insights on these issues. For example,
geo-location/database access for the discovery of spec-
trum opportunities was discussed in [5,6], but the
authors only introduced basic concepts on this method.
In contrast, in this paper, we provide a comprehensive
analysis on this issue by investigating many related
issues, such as bootstrapping problem, localization
error and database access delay.

3. Explore open research problems on every specific MAC
issue and propose potential solutions. Most existing
surveys focus on summarizing previous works on CR
MAC protocols or MAC issues on TVWS access. Hence
many of them did not provide sufficient insights on
open issues and potentially new research problems in
this area. In contrast, in this paper, we explore open
research problems related to every MAC issue in detail,
and provide potential approaches to dealing with these
issues. For example, in the discussion of spectrum
handoff in TVWS, we propose four open research
problems: spectrum handoff with known PU activities,
spectrum handoff due to channel quality deterioration,
modeling of handoff performance and impact of mobil-
ity on spectrum handoff.

4. Provide more comprehensive information on worldwide
regulatory and standardization activities. In addition to
research progress in the academia, we also survey
state-of-the-art TVWS related regulatory activities in
different countries as well as standardization activities
in the industry. All these efforts are supposed to moti-
vate more research efforts in TVWS access.

2. Discovery of spectrum opportunities in TVWS

There are generally two requirements on the efficient
discovery of spectrum opportunities in TVWS. The first
requirement is reliable protection of PUs, i.e., TVBDs can
only access TVWS channels not used by PUs. The second
requirement is to make the most use of TVWS spectrum
resources subject to the first requirement. Two methods
are available for the discovery of available TVWS channels:
geo-location/database access and spectrum sensing. Geo-
location/database has been regarded as the primary
method to discover available TVWS channels by both FCC
and Ofcom [8,9]. In page 24 of [8], FCC even eliminates
the spectrum sensing requirement for TVBDs relying on
geo-location/database access to obtain availability infor-
mation of TVWS channels, because ‘‘the geo-location/data-
base access method and other provisions of the rules will
provide adequate and reliable protection for television
and low power broadcast auxiliary services’’. For sensing-
only TVBDs, FCC has changed the minimum required
detection threshold for wireless microphones from
�114 dBm to �107 dBm [8]. Before we proceed to discuss
the two methods for the discovery of available TVWS chan-
nels, we first give a brief introduction to the classification
of TVBDs proposed by FCC.

As shown in Table 1, FCC classifies TVBDs into two
categories: fixed devices and personal/portable devices
[10]. Fixed devices are required to register with a database
and determine their geographic locations through incorpo-
rated geo-location capability and obtain TVWS availability
information through database access. Personal/portable
devices are further classified into three types: Mode 1 (cli-
ent mode), Mode 2 (independent mode) and sensing-only
devices. Portable devices operating in Mode 1 obtain the
list of available channels from a fixed device or a portable
device operating in Mode 2, and Mode 2 portable devices
determine available channels through geo-location/data-
base access. Sensing-only portable devices obtain availabil-
ity information merely through spectrum sensing. Fixed
devices are allowed to operate at up to 1 Watt output
power and to achieve 4 Watts equivalent isotropically
radiated power (EIRP) with a gain antenna. In contrast,
transmit power of portable devices must be less than
100 mW EIRP, with no antenna gain. When portable
devices operate on a channel adjacent to the operating
channel of a TV station or other licensed station/service
and within the protected coverage area of that service,
their transmit power is limited to 40 mW. Moreover, for
sensing-only portable devices, the detection threshold
becomes �107 dBm for low power auxiliary signals.

2.1. Geo-location/database access

TV band databases aim to provide TVBDs, upon request,
available TVWS channels at the TVBD’s location. The
availability of a TVWS channel is determined based on
PUs’ location information stored in the databases and



Table 1
Classification of TVBDs [8,10].

TV band devices Determine channel availability Maximum transmit
power (EIRP)

Detection threshold In service monitoring

Fixed device Geo-location/database access 1 W/6 MHz �114 dBm At least once a day
(database access)

Portable device
(Mode 1)

From a fixed device
or Mode 2 portable device

100 mW/6 MHz �114 dBm At least once every 60 s

Portable device
(Mode 2)

Geo-location/database access 100 mW/6 MHz �114 dBm At least once a day and once
for every 100 m move

Portable device
(sensing only)

Spectrum sensing 50 mW/6 MHz �114 dBm At least once every 60 s
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regulator’s requirements on the protection of PUs (e.g.,
Section 15.1712 in [10]). For example, FCC requires that
location information of PUs must be stored in databases.
Protected PUs include digital television stations, private
land mobile radio service stations, and protected areas
include sites where low power auxiliary stations (including
wireless microphones and wireless assist video devices)
and television translator station receive sites [10]. Before
accessing TV band databases, both fixed and Mode II TVBDs
must register with the databases. Then TVBDs determine
their location information and send channel access
requests to the database in their region. After receiving
the channel request from a TVBD, the database checks
availability contour of each TVWS channel and notifies
the TVBD available channels at its location. According to
FCC’s rules [8,10], portable TVBDs are required to access
the database again when they move 100 m away from
the location of their previous access.

Open research issues:

� Bootstrapping problem: For TVBDs merely relying on
geo-location/database access to obtain TVWS availabil-
ity information, the bootstrapping problem is that a
new TVBD cannot send its location and channel request
to any database, since it does not know available TVWS
channels at its location. This problem can be easily
solved in infrastructure-based networks like those
designed for Internet access in rural areas. In that case,
the base station (BS) already has access to the Internet
through which it is able to query the database. Each
BS can periodically broadcast messages containing
channel availability information in its coverage region
[11]. Additionally, the BS can periodically switch to each
available channel and listen to clients who want to join.
However, this method only applies to infrastructure-
based networks and it is still an open issue to solve
the bootstrapping problem in ad-hoc networks. If, in
an ad-hoc network, nodes have additional radio like
3G, they are able to access the database through this
radio. If not, an intuitive solution would be to incorpo-
rate spectrum sensing capability in such TVBDs. How-
ever, this method does not work for TVBDs without
sensing capability.
� Localization error: According to FCC’s rules [10], TVBDs

are required to determine their location with an
accuracy of 50 m, which is very challenging in practice.
Actually, having a GPS receiver does not always guaran-
tee satisfying geo-location accuracy for TVBDs. The
geo-location accuracy depends on the signal strength
which deteriorates due to many factors, such as water
vapor in the atmosphere, path loss, multipath fading
and shadowing caused by blocking objects (e.g., trees
and buildings, etc.). For example, experiment results
in [12] show that localization error can exceed 50 m
by almost 100% in rainy days even with six satellites.
In addition, according to the measurements in [11],
location errors can result in significant loss of available
TVWS spectrum opportunities. In [13], a sensing
enabled localization and tracking system is proposed
which is shown to achieve a localization accuracy less
than 50 m. The system localizes TVBDs based on their
measurements of PU signals in TVWS. However, this
method also requires the incorporation of sensing
capability for TVBDs and thus does not work for TVBDs
without sensing capability.
� Database access congestion: Two factors may lead to

the congestion of database access: high density and
mobility of TVBDs. According to FCC’s rules [8,10], a
portable TVBD must access the database again
whenever it moves 100 m away from the location of
its previous access. Given this rule, it is shown in [12]
that mobile TVBDs’ frequent access of a database would
cause congestion at the database. To address this issue,
FCC allows a region-based database access procedure to
reduce the number of channel availability requests [14].
However, the number of available channels decreases
with the expansion of the region, since the availability
of a channel requires that it is not being used by all
PUs in the region. Since performance of the region-
based database access procedure depends on size of
the region as well as PU activities in the region, it is still
unclear whether it would solve the database congestion
problem without loss of TVWS spectrum opportunities.
In [15], a white space vector scheme is presented to rep-
resent complex geographical white space information
in a much simpler way. The scheme allows TVBDs to
reduce the amount of downloaded data from databases.
However, the simplification of the geographical white
space information would sacrifice the accuracy of the
availability information.
� Geo-location/database access delay: Bounding geo-loca-

tion/database access latency within a certain threshold
is very important for both a mobile cognitive network
and a cognitive network supporting delay-sensitive
applications. For example, in the vehicular environment,
vehicles cannot obtain real time TVWS availability
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information if the geo-location/database access delay is
too long, which either causes harmful interference to
PUs or missed spectrum opportunities. In [16], it is
shown that existing methods incur much latency by
checking overlapping areas of protected contours and
SU’s operation area for the protection of PUs. The
authors propose to submit SU’s preferred channels to
the database to reduce computation time and access
delay. However, this method does not apply to mobile
networks since available channels of each mobile TVBD
keep changing. A possible solution is that the database
determines available TVWS channels at all locations of
a region offline for a mobile TVBD based on the TVBD’s
route. Thus the TVBD does not need to access the data-
base until it leaves the region. However, this method
would fail if available TVWS channels change too
quickly, such that some of the available channels at a
certain location become unavailable when the vehicle
arrives at the location.
� Propagation modeling accuracy: According to FCC’s

current rules [8,10], each database determines the
availability of a TVWS channel solely depending on a
propagation model. However, the accuracy of these dat-
abases can be low due to sophisticated propagation and
showing properties of the TVWS spectrum as well as
variable communication environments (e.g., interfer-
ence, noise and obstacles like trees and buildings). For
example, experiment results in [17] show that the dat-
abases tend to over-predict the coverage of certain TV
broadcasts, and thus unnecessarily blocks the usage of
TVWS spectrum in a large area (up to 42% measured
locations). To solve this problem, one option is to
improve the propagation model. For example, in [18],
a combination of an up-to-date database of incumbents,
sophisticated signal propagation modeling, and an effi-
cient content dissemination mechanism is proposed to
ensure efficient, scalable and safe TVWS network oper-
ation. An alternative method is to replace the propaga-
tion model with actual measurement of radio signals. In
other words, the databases determine the availability of
channels based on measured radio signals. For example,
spectrum sensors can be mounted on vehicles to peri-
odically collect channel usage information, and report
the results to databases [17,19]. However, there are still
many system and networking issues regarding this
method that remain unexplored. For example, this
method can be constrained by the vehicle density in a
certain region. The measurement accuracy may
decrease with the decreasing of vehicle density. In addi-
tion, it is also a challenging networking problem for
vehicles to cooperatively sense and report channel
availability information.

2.2. Spectrum sensing

FCC requires that a sensing-only TVBD must keep
sensing a TVWS channel for at least 30 s at bootstrap to
determine availability of the channel [8,10]. Spectrum
sensing is defined according to FCC’s rules with other very
challenging requirements. For example, the detection
threshold is �107 dBm for both TV and microphone signals
[8]. The performance of spectrum sensing is largely
affected by the fundamental characteristics of wireless
channels, such as path loss, noise uncertainty, multipath
fading, and shadowing. For example, significant fading of
a PU’s signals in a direction makes it very difficult for SUs
in that direction to detect the PU. Therefore, cooperative
spectrum sensing has been extensively utilized to improve
sensing performance in the literature [20,21], which will
be discussed later.

General spectrum sensing technologies include energy
detection [22], cyclostationary feature detection [23], com-
pressed sensing [20], pilot sensing and detection for ATSC
DTV signals [24], interference temperature measurement
based detection [22], waveform based detection [3],
matched filtering detection [22] and radio identification
based detection [3]. Furthermore, there are several sensing
technologies dedicated to the detection of wireless micro-
phone signals, such as pattern recognition based sensing
[5], sensing technique based on the correlations between
RF signals and acoustic information [25], compressive
sensing techniques based on fast Fourier sampling [26]
and autocorrelation based spectrum sensing [27].

In addition to the aforementioned physical layer sens-
ing techniques, scheduling of sensing is also crucial to
the performance of spectrum sensing. Sensing scheduling
usually aims to discover the most spectrum opportunities
with the least time, by adjusting sensing parameters, such
as set of channels to sense, sensing sequence, time to start
sensing, sensing duration and period of re-sensing the
operating channel. Since TVBDs have to interrupt their
ongoing session to sense TVWS channels, the sensing
scheduling should also consider the impact of spectrum
sensing on the transmission efficiency of the TVBDs. For
example, in [28], a sensing-period optimization scheme
and an optimal channel-sequencing mechanism are
developed to maximize spectrum opportunities that an
SU can obtain and minimize the time of finding an avail-
able channel. In [29], the authors propose a stationary opti-
mal spectrum sensing and access policy by viewing the
sensing problem as a partially observable Markov decision
problem. However, both of the two works fail to consider
the scheduling of spectrum sensing of multiple SUs, which
is more challenging and may need the cooperation of SUs.

Cooperative sensing has been extensively studied to
maximize performance of spectrum sensing for multiple
SUs. Existing cooperative sensing mechanisms can be
classified into two categories: centralized [30–32] and dis-
tributed sensing [33–36]. For example, in [32], a central-
ized Bayesian decision rule based algorithm is proposed
to maximize throughput of SUs by cooperative sensing.
In [35], a distributed cooperative sensing mechanism is
proposed to efficiently detect PUs. In this mechanism, each
cognitive device observes and analyzes available channels,
and shares its sensing results with other cognitive devices,
such that the global performance of air interface detection
is improved. A multidimensional-correlation-based
sensing algorithm is proposed in [36] to minimize energy
consumption. Based on the observation that, spectrum
sensing information at a given space and time can
represent spectrum information at a different point in
space and time, the authors defined a new quality metric
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to evaluate the correctness of spectrum availability infor-
mation. The proposed cooperative sensing algorithm is
proved to achieve a distributed and near-optimal sensing
scheme under certain easily satisfied assumptions.

Sensing PUs in mobile wireless networks is another
important issue for spectrum sensing. However, most of
the aforementioned sensing techniques and scheduling
mechanisms fail to evaluate the impact of mobility on
sensing performance. The performance of spectrum sens-
ing is mainly affected by two characteristics of signals:
multipath fading and shadowing fading. Hence the impact
of mobility on spectrum sensing can be evaluated from the
two perspectives. Multipath fading occurs because multi-
ple replicas of a signal arrive at the sensor with different
delays [12]. Rayleigh fading is usually used to model the
effect of multipath fading. Shadowing fading is caused by
blocking objects between the transmitter and the sensor,
such as buildings and trees. The log-normal shadowing is
mostly used to model the shadowing effect [37]. In [12],
the authors estimated the effect of mobility on sensing
by considering multipath fading. More specifically, given
the Doppler spread effect caused by mobility of vehicles,
it is shown that at low frequencies (e.g., TV band
frequency) the channel coherence time is large and the
channel appears as approximately time invariant for long
time intervals. The impact of mobility on spectrum sensing
is theoretically studied in [37] considering shadowing fad-
ing. It is proved that sensor mobility can yield a significant
performance gain achieved by using spatial–temporal vari-
ations of received signals. The reason is that mobility of
sensors helps decrease shadowing fading correlation of
received signal strength and thus increases the perfor-
mance gain of cooperative sensing.

Open research issues:

� Differentiate PU signals and SU signals: The fundamen-
tal challenge of spectrum sensing is that many sensing
techniques (e.g., energy detection) are blind to distin-
guish PU signals from SU signals [8]. Since the availabil-
ity of a TVWS channel only depends on PU activities,
mistakenly regarding SU signals as PU signals would
result in loss of spectrum opportunities. ‘‘Quiet period’’
is proposed to address this problem in IEEE 802.22 pro-
tocol, during which both 802.22 base stations and users
must stop transmitting and sense their operating chan-
nel. However, other TVBDs (e.g., IEEE 802.11af devices
or vehicular devices) may be transmitting during the
‘‘quiet period’’, which can be regarded as PU activities
by 802.22 devices if blind methods are used. Instead,
if feature detection (e.g., matched filter) is used, one
might be able to discriminate different radios depend-
ing on SIR. However, it is probably inefficient to have
matched filter for every possible radio/modulation
sharing the band. A signal processing based method is
proposed in [38] to distinguish different packet-based
radio signals. However, the method is too computation-
ally complex, and thus is not suitable for real time spec-
trum sensing. Therefore, new techniques or methods
must be developed for spectrum sensing to differentiate
PU and SU signals.
� Accurate detection of wireless microphone signals:
The spectrum sensing problem is not a binary
distinction between pure noise and wireless micro-
phone signal in noise, because the ‘‘pure noise’’
indeed contains narrowband interference with
strengths probably similar to microphone signal
strengths, such as leakages from adjacent TV channels,
quantization noise from analog-to-digital conversion
(ADC), spurious emissions and unintentional transmis-
sions from all types of electronic devices [5]. In [39], a
spectrum sensing mechanism is proposed to enable
the coexistence of SUs and wireless microphones, in
which a new device called microphone protector is
used to measure the interference level at a micro-
phone receiver. In addition, a signaling protocol is
proposed to notify TVBDs to optimize their transmis-
sions (e.g., through subcarrier suppression technique)
without causing harmful interference to microphones
[39]. However, the approach only applies to the coex-
istence between wideband TVBDs and wideband
microphones. Therefore more work needs to be done
to address the coexistence issue between TVBDs and
narrowband microphones. Besides, this approach
requires an external sensing device, which may not
be practical.
� Open issues on cooperative sensing mechanisms: The

first open issue is the support of information exchange
among SUs. The most common approach to addressing
this issue is to use a separate control channel [40,41].
However, there may not exist such a common TVWS
control channel which is available to all neighboring
SUs due to spatial–temporal variations of TVWS.
Another open issue is to reduce shadowing fading cor-
relation of sensed data. It is proved in [42,43] that the
performance of cooperative sensing would degrade
when the shadowing fading correlation of sensed data
increases. In [42,44], the performance degradation
caused by correlated shadowing fading is studied in
terms of loss of spectrum opportunities. Beam-forming
and directional antennas have been proposed to address
the shadowing fading correlation issue [45]. However,
this method is not practical when SUs do not know
the location of PUs (e.g., microphone users). In contrast,
the problem may be better solved through optimal
scheduling of spectrum sensing, i.e., optimally choosing
TVBDs for cooperative sensing [46].
� Modeling of PU activities: A precise PU model is funda-

mental to the design of efficient spectrum sensing
mechanisms. However, most existing spectrum sensing
mechanisms are developed by simply assuming that PU
activity on a channel follows with an ON–OFF Markov
chain, which cannot capture the diverse characteristics
of PUs in TVWS [47]. Moreover, inaccurate modeling of
PU activities would result in either loss of spectrum
opportunities or higher interference to PUs. Although
there exist some empirical models on PU activities
[48,49], they are not practical due to high computa-
tional complexity [47]. In addition, several other models
have been proposed to model PU activities, such as Ber-
noulli random process, multidimensional Markov chain
and M/G/1 queuing model [50]. However, they only
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apply to activities of specific PUs and thus cannot be
used to model all PU activities. Hence more precise
and tractable models of PUs must be developed such
that more practical and efficient spectrum sensing
mechanisms can be further developed.

3. Coexistence issues

FCC’s final regulations on TVWS access only include
requirements on the coexistence of SUs (TVBDs) and PUs
(i.e., requirements on the protection of PUs), and leave
the coexistence of different TVBDs an important open
issue. In this paper, ‘‘coexistence’’ means that multiple
TVBDs in a certain area share the same TVWS band and
are allowed to access the same band simultaneously.
‘‘Coexistence’’ is also interchangeable with ‘‘spectrum
sharing’’ in this paper. In contrast, ‘‘coexistence’’ of PUs
and TVBDs requires that TVBDs must not access the TVWS
channels being used by PUs. The coexistence of diverse
TVBDs is of great importance to the efficient use of TVWS.
The reason is that TVWS is a public spectrum resource
which can be used by all secondary wireless networks,
and thus congestion and mutual interference among these
networks can occur easily without effective coexistence
mechanisms. However, it is very challenging to enable
the coexistence of heterogeneous TVBDs in TVWS due to
the following reasons.

1. Increased interference in TVWS: Mutual interference in
TV bands is significantly increased due to better propa-
gation properties of TVWS channels, as discussed in the
introduction part of this article.

2. Scarcity of TVWS in urban areas: The number of avail-
able TVWS channels in a region depends on the amount
of PU activities within the region. In urban areas,
demand for spectrum is large while the amount of
available TVWS spectrum is expected to be very small
for the existence of large number of TV stations and
microphones. Interference and congestion can be inev-
itable due to the significant imbalance between
demand and supply of TVWS channels.

3. Diversity of TVBDs: TVBDs may be heterogeneous with
respect to signal characteristics (such as bandwidth,
modulation and power spectral density), transmit
power levels, PHY/MAC techniques and mobility char-
acteristics (e.g., static IEEE 802.22 networks and vehic-
ular networks).

4. Asynchronous and uncoordinated TVBDs: TVBDs in het-
erogeneous secondary networks may not be coordi-
nated for two reasons. The first reason is that a TVBD
may be selfish and tend to maximize its own utility
by competing with other TVBDs. The other reason is
that heterogeneous TVBDs may not be able to coordi-
nate with each other due to the lack of a common con-
trol channel. In addition, TVBDs in heterogeneous
secondary networks may not be synchronized due to
extreme difficulty to realize synchronization among
heterogeneous networks [51].
3.1. Classification of coexistence issues and approaches

As shown in Fig. 1, coexistence issues on TVWS access
can be generally classified into two categories: intra-net-
work and inter-network coexistence issues. In this paper,
‘‘intra-network coexistence’’ denotes spectrum sharing of
SUs within a single secondary network. In contrast,
‘‘inter-network coexistence’’ represents spectrum sharing
among different secondary networks. Intra-network issues
in CR networks have been extensively studied while
inter-network coexistence issues are largely unexplored.
Hence, in this paper, we only give a brief introduction to
intra-network coexistence issues, and concentrate on
inter-network coexistence issues. Inter-network
coexistence issues in TVWS are further divided into two
subcategories: coexistence of homogeneous secondary
networks (SNs) and coexistence of heterogeneous SNs.

According to [22], approaches to intra-network coexis-
tence issues can be classified from three perspectives:
architecture assumption, spectrum allocation behavior,
and spectrum access techniques. First, from the perspec-
tive of architecture assumption, intra-network coexistence
approaches are classified into two categories: centralized
and distributed approaches. In centralized approaches, a
central entity is responsible for the coordination of all
TVBDs within the secondary network [52]. In contrast, dis-
tributed approaches are often used in secondary networks
where central entities are unavailable, such as CR ad-hoc
networks [53]. Second, from the perspective of spectrum
allocation behavior, intra-network coexistence approaches
are also classified into two categories: cooperative [54] and
non-cooperative [55] approaches. Third, from the perspec-
tive of spectrum access techniques, intra-network coexis-
tence approaches are classified into overlay and underlay
coexistence approaches. In overlay approaches, only
channels not being used by other TVBDs can be accessed
by a certain TVBD [56]. In contrast, underlay approaches
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allow multiple TVBDs to access the same channel simulta-
neously, on condition that they would not cause unaccept-
able interference to each other [56].

Although many ideas, terminologies and approaches for
intra-network coexistence are also applicable for inter-net-
work coexistence issues (e.g., cooperative coexistence,
listen-before-talk), the two types of coexistence issues
have significant differences. First, the goal of inter-network
coexistence is to minimize mutual interference among
multiple SNs, while intra-network coexistence approaches
aim to maximize spectrum usage efficiency within a net-
work. Second, inter-network coexistence issues are more
challenging due to limited information exchange among
SNs, sophisticated interference scenarios (e.g., varying
overlapping users of multiple SNs), and heterogeneous
characteristics of SNs.

Given the classification of inter-network coexistence
issues, approaches to those issues are classified into two
categories: approaches to the coexistence of homogeneous
SNs and coexistence of heterogeneous SNs. From the
perspective of coexistence architecture, those approaches
can be divided into centralized and distributed approaches.
In centralized approaches, a central entity (e.g., TVWS
database [57]) manages available TVWS channels and con-
trols the coordination of diverse SNs operating in TVWS. In
distributed approaches, the steps of enabling coexistence
for a SN in TVWS are enumerated as follows.

� Discovery of neighboring SNs: Since TVWS is an open
spectrum resource, many diverse SNs would coexist in
the same TVWS spectrum, such as 802.22 (WRAN),
802.11, LTE, cellular and vehicular networks. It’s non-
trivial for a SN to identify neighboring SNs because
SNs not necessarily register with TVWS databases like
PUs, especially for mobile SNs. A straightforward solu-
tion is spectrum sensing. However, spectrum sensing
is insufficient for a SN to discover neighboring SNs since
the neighboring SNs may be idle during the SN’s sensing
time. Future research can follow two directions to
design mechanisms for the discovery of neighboring
SNs: proactive and reactive mechanisms. In proactive
mechanisms, an SN identifies all neighboring SNs even
though it is not using TVWS channels or no interference
has emerged in TVWS. An example is the Coexistence
Discovery and Information Server (CDIS) used in IEEE
802.19.1. More specifically, the CDIS stores information
(e.g., location and PHY/MAC techniques) of all neighbor-
ing SNs. Hence a SN can acquire the information by
sending request to the CDIS. In contrast, in reactive
mechanisms, a SN only discovers neighboring operating
SNs when it intends to access TVWS channels or inter-
ference from other SNs is detected. Given the insuffi-
ciency of individual spectrum sensing, cooperative
sensing can be used to discover neighboring SNs more
reliably. For example, two methods are proposed in IEEE
802.22 for the discovery of neighboring 802.22 net-
works: network discovery at network initialization
and at normal operation. In both ways, a SN must scan
TVWS channels to detect self-coexistence beacons sent
by other SNs.
� Detection of interference from other SNs: When a SN is
operating on a TVWS channel, it has to periodically
detect possible interference from other SNs and identify
source of the interference. Existing detection
approaches can be classified into two categories: spec-
trum sensing and infrastructure-based mechanisms.
For example, periodical signaling and spectrum sensing
are used in IEEE 802.22. More specifically, base stations
schedule customer premise equipment (CPEs) to listen
to certain TVWS channels, in order to receive self-coex-
istence beacons sent by neighboring 802.22 networks.
Spectrum sensing can also be used to detect heteroge-
neous SNs. For example, a cyclo-stationary feature
based sensing algorithm is proposed in [58] to detect
heterogeneous CR networks in TVWS. The algorithm
differentiates SNs (e.g., IEEE 802.11af and IEEE 802.22
networks) based on their OFDM parameters such as
ratio of cyclic prefix. However, the sensing algorithm
is not able to differentiate heterogeneous SNs with the
same cyclo-stationary features. Hence PHY/MAC inde-
pendent approaches are preferable for the detection
and identification of heterogeneous SNs. For example,
detection of SNs in IEEE 802.16 h is based on the use
of coexistence databases which store information
regarding the spectrum usage for certain local areas
[59]. Similarly, in IEEE 802.19.1, CDIS provides
coexistence information to coexistence managers and
facilitates discovery of coexistence enablers. The CDIS
also supports discovery and communication among
coexistence managers [60].
� Mitigation of the interference: Generally, a SN can

mitigate the interference by coordinating with the
conflicting SNs or by adjusting its own transmission
parameters (e.g., increasing transmitting power or
switching to other channels). Instead of discussing
diverse approaches to the mitigation of inter-network
interference here, we delve into this issue in the follow-
ing two paragraphs by discussing coexistence
approaches to homogeneous and heterogeneous SNs,
respectively.

3.2. Coexistence of homogeneous SNs in TVWS

Coexistence of homogeneous SNs in TVWS is also
termed ‘‘self-coexistence’’ (e.g., in IEEE 802.22). Coexis-
tence issues of homogeneous SNs are more challenging
than the coexistence issues in traditional wireless
networks due to spatial–temporal variations of TVWS
and better propagation properties of TVWS channels. Fur-
thermore, a SN to operate in TVWS may have its own
licensed frequency band (e.g., cellular networks to offload
part of their traffics to TVWS spectrum [61]), which makes
its coexistence with other homogeneous SNs more diffi-
cult, since coexistence on both the SNs’ licensed frequency
and TVWS frequency must be guaranteed. This issue will
be discussed later in detail in part D of this section.

3.2.1. General coexistence mechanisms
Existing coexistence mechanisms can be generally clas-

sified into two categories: non-cooperative and cooperative
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coexistence mechanisms. Non-cooperative coexistence
mechanisms include transmit power control (TPC) [62],
dynamic channel selection (DCS) [55] and listen-before-talk
(LBT) [63]. Non-cooperative mechanisms are generally suf-
ficient to enable coexistence in systems with adequate
spectrum resources such that SNs can access different set
of channels. However, such mechanisms may not work well
in networks with large spectrum demand and much less
spectrum resources, in which case cooperative mechanisms
are preferable. Cooperative mechanisms include inter-net-
work time-division multiple access (TDMA), frequency-
division multiple access (FDMA), code-division multiple
access (CDMA) and hybrid mechanisms [63]. A more
detailed summary of existing coexistence solutions can be
seen in Table 2.

The DCS mechanism has been widely used in enabling
intra-network coexistence in CR networks [64]. The core
idea of DCS is to enable SUs to select the best available
channel (e.g., with the lowest interference level) based on
their local observations of spectrum usage. This idea can
also be used to address inter-network coexistence issues.
More specifically, each SN keeps scanning available TVWS
channels and chooses the best one by evaluating interfer-
ence level of those channels. The LBT mechanism has been
utilized for spectrum sharing among multiple IEEE 802.11
networks. The idea of LBT is that a transmitter decides
whether a channel is available through a clear channel
assessment (CCA) check before transmitting on the chan-
nel. Furthermore, the maximum contiguous transmission
time is limited by a threshold such that a transmitter
leaves reasonable opportunities for other transmitters [63].

A TDMA based coexistence mechanism is proposed in
IEEE 802.22 to enable inter-network coexistence. The IEEE
802.22 WRAN system includes two operational modes:
normal mode and self-coexistence mode [65]. In normal
mode, an 802.22 network operates on one TVWS channel;
while in the self-coexistence mode, multiple 802.22
networks share the same TVWS channel based on a TDMA
mechanism. More specifically, when operating in self-
coexistence mode, base stations (BSs) of several neighbor-
ing networks access the channel on a per frame basis, i.e.,
each BS is allocated a subset of frames of an 802.22
Table 2
Summary of existing coexitence methods in TVWS.

Coexistence
methods

Homogeneous or
heterogeneous

Cooperation
type

Centralized o
distributed

Transmit power
control [63]

Both Non-
cooperative

Both

Dynamic channel
selection [64]

Both Non-
cooperative

Distributed

Listen before talk
[82]

Both Non-
cooperative

Distributed

TDMA [65] Homogeneous Cooperative Distributed
Clustering-based

solution [56]
Both Cooperative Centralized

Game-based
solutions [57]

Both Both Distributed

IEEE 802.19.1 [60] Heterogeneous Cooperative Centralized

Common control
channel [79]

Both Cooperative Distributed
super-frame. The frame allocation is determined through
negotiation of the neighboring BSs. In [66], a standard-
independent framework is proposed to enable coexistence
of homogeneous SNs through cooperative mechanisms. A
cluster head equipment with multiple radios is used to
acquire coexistence information, identify coexistence
opportunities, and make coexistence decisions.

3.2.2. Game based coexistence mechanisms
Game-theoretic models have been used to address the

issues of both intra-network coexistence [62,67] and
inter-network coexistence [57,54], the goal of which is
usually to find Nash Equilibrium (NE). Coexistence
approaches can be implemented in both cooperative and
non-cooperative mechanisms. In the inter-network coexis-
tence game, multiple homogeneous SNs operating in TVWS
are players. A player’s actions include channel selection
and power control. Utility functions can be many perfor-
mance metrics, such as throughput and delay. Strategic
form games, repeated games, asynchronous myopic
repeated games and mixed strategy games can all be used
to address coexistence issues [47].

A dynamic spectrum sharing scheme is proposed in [68]
based on truthful mechanisms and virtual currency. In this
work, the authors consider the case where every SU
(player) estimates capacity of a free channel according to
its local information, and sends the valuation (i.e.,
estimated capacity) to the spectrum manager. Then the
spectrum manager determines a conflict-free allocation
by implementing a truthful mechanism. Each SU pays for
the allocation an amount which depends on the set of
valuations. In addition, a virtual currency is defined to
facilitate spectrum sharing. It is shown that these mecha-
nisms can be modified to achieve different sharing objec-
tives which are trade-offs between efficiency and
fairness. Another spectrum selection game is proposed in
[69] to enhance spectrum utilization in CR networks. In
this work, a game theoretic model is proposed to evaluate
spectrum management mechanisms. The spectrum selec-
tion process is treated as a non-cooperative game among
SUs who are able to dynamically select the ‘‘optimal’’ spec-
trum opportunity, without causing harmful interference to
r Key feature

Every SN decreases its interference to other SNs by adjusting
transmit power
Every SN selects the best available channels based on its local
observations of spectrum usage
A transmitter does a clear channel assessment check before using
the channel
Homogeneous SNs share available spectrum on a TDMA basis
Cluster head is responsible for coordinating inter-network
communication and spectrum sharing
View each SN as a player and deal with the coexistence problem
by formulating various games
Standard independent coexistence solution by using external
coordination entities
SNs coordinate with each other on a common control channel
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PUs. Various quality measures for the spectrum opportuni-
ties are investigated and evaluated, including the spectrum
bandwidth, and the spectrum opportunity holding time.
Cost of spectrum mobility is also accounted in the model.

In [57], an auctioning based mechanism is proposed to
enable coexistence of multiple home networks operating
in TVWS. More specifically, the authors develop an online
multi-unit, iterative auction mechanism by considering
spectrum availability in multiple home networks and char-
acteristics of TVWS. In this mechanism, a centralized spec-
trum manager plays the role of auctioneer and controls
TVWS spectrum sharing among multiple home networks
(bidders) through short-term auctions. One auction inter-
val consists of one or more rounds involving interaction
between the auctioneer and bidders. The auctioneer aims
to meet the bidders’ spectrum demands subject to their
valuations, spectrum availability at different bidders and
mutual interference relationships. In [70], another auc-
tion-based solution is proposed for spectrum sharing
among multiple SUs, in which the bandwidth and power
requirements of the SUs determine the bids. However, both
of the two coexistence mechanisms can only be imple-
mented in a centralized way. In addition, although algo-
rithms proposed for game-theoretic coexistence models
are usually proved to converge to a NE, the NE is generally
not Pareto-optimal and may be quite inefficient in terms of
system utility [71].

3.3. Coexistence of heterogeneous SNs in TVWS

Given that TVWS is an open spectrum resource, it can
be expected that heterogeneous SNs would coexist in the
same TVWS spectrum, such as IEEE 802.22, 8022.11af,
LTE, cellular and vehicular networks. Those SNs may be
of significant difference in terms of signal characteristics
(e.g., bandwidth, modulation and power spectral density),
transmit power levels, PHY/MAC techniques and mobility
characteristics.

3.3.1. Coexistence of heterogeneous networks in the ISM band
Actually, coexistence of multiple heterogeneous wire-

less networks in the same spectrum band is not a unique
issue of TVWS access, and it has long been a challenging
problem for the ISM band access. The industrial, scientific
and medical (ISM) frequency band is a license-free band,
in which all related field wireless networks are allowed
to operate, and thus neither resource planning nor band-
width allocation can be guaranteed [72]. Typical wireless
systems operating in the ISM band include IEEE 802.11,
Bluetooth, Zigbee and IEEE 802.15.4. The coexistence of
these heterogeneous networks is also a critical require-
ment for the efficient use of the ISM band, which is similar
to the coexistence issue in TVWS. Hence many existing
coexistence ideas and approaches for the ISM band can
be used in TVWS coexistence issues (e.g., [72–76]).

However, there are still several significant differences
between coexistence issues on the two bands, which
requires us to develop new coexistence approaches for
the TVWS band. First, all ISM networks have equal access
priority while heterogeneous networks in TVWS can only
operate as SUs. Hence in the inter-network coexistence
issue on TVWS access, there is an additional concern for
the protection of PUs. For example, ISM channels are
always available while the availability of TVWS channels
varies spatially and temporally due to uncertain PU activi-
ties. Second, mutual interference in TVWS is increased as
discussed in the introduction part of this article. Therefore
the inter-network coexistence of heterogeneous SNs in
TVWS is more challenging and new coexistence mecha-
nisms must be developed for the efficient use of the TVWS
band. In next part, inter-network coexistence mechanisms
dedicated to TVWS access are discussed.
3.3.2. Coexistence mechanisms for heterogeneous SNs in
TVWS

The critical idea to enable inter-network coexistence of
heterogeneous SNs is underlay spectrum sharing. More
specifically, multiple SNs are allowed to access the same
TVWS spectrum simultaneously on condition that each
SN would not incur unacceptable interference to other
SNs. In contrast, coexistence of SNs and PUs requires
overlay spectrum sharing mechanisms, i.e., SNs are prohib-
ited to access TVWS channels when PUs are operating on
the channels. Existing coexistence mechanisms can be
classified into two categories: centralized and distributed
mechanisms.

In centralized mechanisms, a central spectrum manager
controls spectrum allocation and transmit power control.
For example, an inter-cell spectrum sharing framework is
proposed in [56] for infrastructure-based CR networks. In
this framework, base station (BS) of each cell is allowed
to exploit both exclusive and common use mechanisms.
In the exclusive spectrum usage mechanism, the BS selects
the best channel among channels not being used by other
cells. If all channels are being used by other cells, the
framework switches to common use mechanism, in which
a channel is used by neighboring cells simultaneously. The
channel selection is based on interference and PU activities
of all channels in neighboring cells. The proposed frame-
work is shown to be able to maximize capacity of a cell
while causing less interference to neighboring cells. How-
ever, the approach does not apply to ad-hoc networks
without centralized controllers, especially to mobile SNs.

IEEE 802.19.1 is a standard-independent coexistence
framework for the coexistence of heterogeneous SNs in
TVWS. Here ‘‘standard-independent’’ means the coexis-
tence mechanism is not affected by the standards that
SNs follow (e.g., PHY/MAC techniques). Fig. 2 shows the
framework of 802.19 coexistence enabling system. In this
framework, coexistence manager (CM), coexistence discov-
ery and information server (CDIS), and coexistence enabler
(CE) are three basic entities [60]. The CM makes coexis-
tence related decisions, including generating and providing
corresponding coexistence requests/commands and con-
trol information to the CE. The CE facilitates communica-
tions between the CM and TVBDs. The CDIS provides
coexistence related information to the CM and is responsi-
ble for discovering CEs. The advantage of this framework is
guarantee of reliable and efficient coexistence of heteroge-
neous SNs. However, it is very expensive to implement
since it requires the construction of too many entities.



Fig. 2. IEEE 802.19.1 coexistence enabling system [60].
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Hence it may not be practical in rural areas where density
of TVBDs is very low.

Distributed inter-network coexistence approaches can
be implemented in both cooperative and non-cooperative
ways. All the non-cooperative coexistence mechanisms
for homogeneous SNs in part B of this section also apply
to inter-network coexistence of heterogeneous SNs since
the mechanisms are standard-independent. Another cate-
gory of existing coexistence mechanisms is cooperative
mechanism which is usually game-theoretic mechanisms.
For example, the inter-network spectrum sharing problem
in CR networks is formulated as a stochastic bandit prob-
lem in [54]. The critical issue of the problem is that each
agent tries to balance reward acquired by obtaining new
knowledge and optimizing its decision based on already
known knowledge. In the proposed stochastic bandit prob-
lem, there are several SNs and each SN has a finite state
space. At each time slot, only one SN is active who will earn
an active reward. Other passive SNs do not change states
and earn passive rewards. The cooperative scheduling aims
to maximize the aggregate expected discounted reward
earned over an infinite horizon by choosing the optimal
policy, i.e., determining which SN should become active
at each slot. A hierarchy of increasingly stronger linear pro-
gramming relaxations is proposed to solve the stochastic
bandit problem which is based on the result of LP formula-
tions of Markov decision chains [54]. However, the authors
fail to consider many implementation issues under their
solution, e.g., SNs may be asynchronous and have different
signal characteristics as well as PHY/MAC techniques. In
particular, the proposed mechanism only applies to SNs
using OFDM technique. In addition, the utility function of
each SN is not well defined since the authors neither give
closed formula nor explain the explicit meaning of the
‘‘price’’ that each SN would pay for renting the spectrum
band.

The inter-network coexistence problem is also studied
in [77] on a game-theoretic basis. The authors take into
account asymmetries and selfish behaviors of heteroge-
neous networks operating in the same unlicensed band.
First, distributed self-enforcing spectrum sharing rules
are proposed to improve spectrum efficiency and fairness
of SNs. Then both a one shot game and a repeated game
are formulated to model the interactions of the heteroge-
neous networks. In particular, it is shown that the repeated
games can result in many self-enforcing outcomes, since a
network is able to build reputation and apply punishment
to other networks. It is further illustrated that performance
loss due to selfish behaviors is small in many cases. How-
ever, this work is dedicated to coexistence problem in
license-free band (e.g., ISM) and does not include CR func-
tionality. In addition, the proposed work only applies to
inter-network coexistence in single-channel scenarios.
Hence the approach needs to be extended into multi-chan-
nel scenarios in order to be used in TVWS access. Another
game-based model is proposed in [78] for the distributed
spectrum sharing among heterogeneous wireless cognitive
networks. QoS requirements of heterogeneous SNs are
incorporated in the model and the proposed solution is
proved to maximize overall spectrum utilization. However,
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the authors also fail to consider implementation issues
under their solution, e.g., SNs may be asynchronous and
have different signal characteristics as well as PHY/MAC
techniques.

In addition to those game-theoretic models, there are
many other inter-network coexistence ideas and
approaches, such as the common spectrum coordination
channel etiquette protocol [79], distributed QoS-based
dynamic channel reservation scheme [80], adaptive
frequency hopping [81] and cooperative busy tone [73].
However, most of them are dedicated to coexistence issues
on ISM access, and thus should be incorporated CR func-
tionality to be used in TVWS access.

3.4. Open research issues

Given existing coexistence ideas and approaches inves-
tigated above, reliable coexistence of multiple SNs in TVWS
is still a largely unexplored issue, especially coexistence of
heterogeneous SNs. In this part, we detail the open
research issues for coexistence of multiple SNs in TVWS
along with some possible solutions.

� Modeling and comparison of existing coexistence
mechanisms: Although many ideas and approaches
have been proposed to enable coexistence of multiple
SNs in TVWS, most of them are lack of theoretical
analysis. Hence it is still unclear to what extent these
algorithms would solve the coexistence problem. For
example, TPC, DCS and LBT are all non-cooperative
inter-network coexistence mechanisms, but none of
them have been theoretically analyzed and compared.
In addition, although algorithms proposed for game-
theoretic coexistence models are usually proved to con-
verge to a NE, the NE is generally not Pareto-optimal
and may be quite inefficient in terms of system utility
[71]. Therefore it is critical to evaluate performance
gap between the NE and Pareto optimum (e.g., the work
in [62]), and compare the performance of game-based
algorithms with other utility-optimal algorithms.
� Impact of mobility on coexistence issues: So far, few

works have considered the impact of mobility on the
coexistence of SNs in TVWS access. Actually, the coexis-
tence problem would become much more challenging
when mobility is taken into account for the following
reasons. First, mobility of a SN would further increase
spatial–temporal variations of TVWS availability. Sec-
ond, it becomes more difficult for a SN to coordinate
with other SNs when it moves constantly. Third, high
mobility of a SN requires almost real time coexistence
mechanisms. In other words, latency of the coexistence
process (discovering neighboring SNs, detecting inter-
ference from other SNs and coordination with the
SNs) must be very low in order to meet the delay
requirements. Most existing coexistence mechanisms
aim to optimize the throughput performance of a single
SN or several cooperative SNs. However, few works
have considered delay requirements of multiple SNs
and delay-sensitive applications in TVWS (e.g., broad-
cast of safety related messages in vehicular networks).
� Design of cross-band coexistence mechanisms: Many
SNs have their own licensed frequency band and only
use TVWS channels on a ‘‘per need’’ basis, such as
802.11, cellular, LTE and vehicular networks. Hence it
is possible to design cross-band coexistence mecha-
nisms for these networks, where a SN decides to either
share a TVWS channel with other SNs or access its own
licensed channel when TVWS channels are congested. It
makes the coexistence problem more challenging since
a SN has to compare channel quality of its licensed band
with the TVWS band. Although it seems that cross-band
approaches are more efficient, many works are required
to design cross-band mechanisms and compare them
with single-band mechanisms. For example, in [61],
the authors present two findings by analyzing TVWS
access in cellular networks. First, cellular users achieve
higher capacity by accessing their own licensed chan-
nels instead of TVWS channels when the inter-cell
interference is generated by the same sources (i.e.,
neighboring cells). Second, TVWS channels can be
assigned to cellular users far away from their base sta-
tions, whereas the licensed channels can be allocated to
cellular users close to the base stations. The reason is
that TVWS channels usually suffer less path loss than
the cellular channels. Although this work is not
dedicated to the coexistence of multiple SNs in TVWS,
it presents the idea of ‘‘cross-band’’ channel access
which matches cross-band coexistence in TVWS.
� Common control channel and inter-network synchroni-

zation: Most coexistence mechanisms require informa-
tion exchange among multiple SNs. Hence common
control channel (CCC) and inter-network synchroniza-
tion are both required. However, it is still regarded as
an open question that whether a CCC is available in
TVWS [83]. One reason is that SNs may have different
sets of available channels and no TVWS channels are
available to all neighboring SNs. The other reason is that
a pre-selected TVWS CCC can become unavailable due
to the return of PUs or movement of SNs. Synchroniza-
tion of heterogeneous SNs in TVWS is also a very chal-
lenging problem due to diverse PHY/MAC techniques
used by heterogeneous SNs [51]. A potential solution
is to use an out-of-band channel as the CCC. If a SN does
not support out-of-band CCCs, multiple guard bands
between digital TV signals can be aggregated to form
a CCC [84]. Another method is to utilize Cognitive Pilot
Channels (CPCs). A CPC is a channel which conveys
necessary information facilitating the operations of CR
systems [85]. For example, in [86], available band is
divided into many sub-bands and the first two sub-
bands are used as CPCs. So far, few works have been
presented to address the inter-network synchronization
issue in TVWS.

4. Operational issues

In addition to the coexistence issues, there are several
operational issues on TVWS access (see Fig. 3), i.e., dealing
with fragmentation of TVWS, dealing with diverse transmit
power levels of TVBDs, design of efficient channel



Fig. 3. Operational issues on TVWS access.
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allocation algorithms, seamless migration from SUs’
licensed spectrum to the TVWS spectrum, cognitive spec-
trum handoff in TVWS, quality of service and broadcast
related issues. These issues are of significant importance
to the efficient use of TVWS since they are resulted from
properties of TVWS (e.g., fragmentation, spatial–temporal
variations), regulations on the protection of PUs (e.g.,
diverse transmit power levels of TVBDs) and special
communication requirements of different TVBDs (e.g.,
QoS provisioning and support of broadcast).

4.1. Fragmentation of TVWS

Available TVWS spectrum is usually fragmented due to
uncertain distribution of PU activities in the TVWS
spectrum. The size of each spectrum fragment ranges from
one channel to several channels. In fact, channel aggrega-
tion requirement is not unique for TVWS access. One of
the key requirements for International Mobile Telecommu-
nications Advanced (IMT-ADV) technologies (e.g., LTE-
Advanced) is to enable transmission with variable and
non-contiguous bandwidth [87]. Hence both 3GPP LTE
and WiMAX (IEEE 802.16m) standards evolution have
regarded carrier aggregation technologies as one of their
major features in the future to meet the IMT-ADV
requirements on the deployments of the fourth-generation
wireless network. An overview of carrier aggregation
framework and usage cases is presented in [87]. Although
some carrier aggregation ideas and methods for IMT-ADV
technologies also apply to TVWS access technologies, there
are significant differences between operations in the two
bands. The most important difference is that distribution
of available spectrum fragments is fixed in IMT-ADV while
it is variable in TVWS. In addition, carrier aggregation in
IMT-ADV usually aims to obtain aggregated channels with
constant bandwidth (e.g., 20 MHz for LTE), while the
bandwidth requirement is more flexible in TVWS access.
Therefore, new spectrum aggregation techniques are
required for TVWS access.

Both PHY and MAC layer channel aggregation
techniques have been proposed to address the fragmenta-
tion issue on TVWS access. For example, agile modulation
and spectrum pooling techniques are PHY layer transmis-
sion techniques being able to aggregate fragmented TVWS
spectrum [6]. One of these techniques is a variant of
orthogonal frequency division multiplexing (OFDM),
namely Non-Contiguous OFDM (NC-OFDM) [88]. Other
techniques have been proposed to facilitate agile wave
forming over fragmented spectrum, such as the use of filter
bank multi-carrier techniques for CR applications [89].

A MAC layer spectrum aggregation mechanism is
proposed in [90] to dynamically aggregate TVWS channels
in a small area (e.g., a house or an office). The authors con-
sider a wireless communication system consisting of a
dynamic spectrum management (DSM) engine and multi-
ple clients. The DSM engine manages interface to the TVWS
database and dynamically allocates TVWS channels to DSM
clients. Available TVWS spectrum fragments are termed
‘‘PHY chains’’ that are divided to different aggregation sets
(or aggregate channels) by the DSM engine. A wide-band
DSM agent is required to simultaneously operate on all
PHY chains in an aggregation set. Receivers collect data
from all the PHY chains of the aggregation set and obtain
the transmitted packets. However, no algorithms are pre-
sented in this work to optimize the partition of PHY chains
into disjoint aggregation sets. Actually, different partition
algorithms would result in significantly different system
performance.

Open research issues:

� Underlay sharing of fragmented spectrum: Almost all
existing spectrum aggregation mechanisms only
support overlay spectrum sharing. More specifically, in
these mechanisms, a certain set of non-continuous
TVWS channels are only allowed to be used by at most
one TVBD. However, even though the availability of
TVWS may vary at different TVBDs, it is possible that
two TVBDs have some overlapping available TVWS
spectrum fragments. Hence spectrum efficiency of
TVWS would be improved if the two TVBDs are allowed
to use the overlapping spectrum simultaneously, on
condition that they would not cause unacceptable
interference to each other. For example, transmit power
control can be used at each TVBD to limit its interfer-
ence to neighboring TVBDs. However, each TVBD has
to also control its transmitting power in its remaining
operating spectrum fragments since the transmit power
must be constant in all its operating spectrum frag-
ments. Intuitively, the transmit power is determined
by the spectrum fragment with the minimum allowed
transmit power. In other words, incorporating addi-
tional spectrum fragments may decrease a TVBD’s
transmitting power. Hence it is nontrivial to obtain a
good trade-off between the number of operating TVWS
fragments and transmitting power.
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� MAC layer spectrum aggregation mechanisms:
Although there are a few works on MAC layer spectrum
aggregation, most existing aggregation mechanisms
concentrate on designing PHY methods given the
specific PHY technique of a certain SN. However, such
PHY mechanisms may not be able to be extended to
multiple SNs with heterogeneous PHY techniques.
Considering the fact that heterogeneous SNs would
coexist in TVWS, PHY-independent spectrum algo-
rithms are preferable. Furthermore, future MAC layer
spectrum aggregation algorithms can be associated
with certain intra-network or inter-network coexis-
tence mechanisms (e.g., [52,60]).

4.2. Diverse transmit power levels of TVBDs

According to FCC’s regulations on TVWS access [8,10],
fixed and portable TVBDs have different transmit power
levels. More specifically, fixed devices are allowed to trans-
mit with up to 4 Watts EIRP power, while the transmit
power of portable devices is limited to 100 mW. Given
the fact that fixed and portable devices have the same pri-
ority to access TVWS, the power asymmetry rule raises
serious coexistence problem between fixed and portable
TVBDs, i.e., fixed TVBDs can easily starve portable TVBDs.

A distributed and state-less protocol is proposed in [91]
to solve the power asymmetry problem in TVWS, which is
based on the idea of cross-layer coexistence between high
and low power devices. In the PHY layer, a novel adaptive
preamble detector is included in the existing OFDM PHY
design of a high power device as an add-on. The detector
allows high power devices to detect the presence of low
power devices at very low SNR (lower than �15 dB).
Furthermore, two types of preambles are designed to sig-
nificantly decrease error probability of detection. In the
MAC layer, a distributed reservation mechanism is devel-
oped for low power devices based on adaptive preamble
signaling. In each reservation period, all low power devices
contend to transmit packets whenever possible. High
power and low power traffics are balanced by prioritizing
the access of high power devices in between low power
reservation periods. Moreover, a novel algorithm is
proposed for low power devices to adapt their preamble
size to maximize the spatial reuse of TVWS. The proposed
coexistence protocol is shown to prevent starvation of low
Table 3
Users of different TVWS channels [10].

TVWS channel
numbers

Frequency
(MHz)

Users

2 54–60 Fixed TVBD only
3–4 60–72 No TVWS
5–20 76–512 Fixed TVBD only
21–35 512–602 Fixed and portable

TVBDs
36 602–608 Wireless microphones
37 608–614 No TVWS
38 614–620 Wireless microphones
39–51 620–698 Fixed and portable

TVBDs
52 698–704 No TVWS
power devices in almost all existing scenarios and improve
the date rates of low power devices. However, one problem
of this protocol is that it requires external detection device
in high power devices, which may be expensive and diffi-
cult to implement. Another problem is that the protocol
only applies to high power devices using OFDM technique.

Open research issues: The power asymmetry problem
can be solved from three perspectives: channel allocation,
operation of high power devices and operation of low
power devices. We discuss related issues on these
approaches.

� From the perspective of channel allocation: Here the
general idea is to allocate disjoint set of channels to
high and low power devices. For example, according
to FCC’s regulations [10], TVWS bands 54–60 MHz and
76–512 MHz can only be accessed by high power (fixed)
devices (see Table 3). In fact, as shown in Fig. 4, only
fixed-to-fixed (F2F) communications (i.e., communica-
tion between fixed devices) are allowed to use bidirec-
tional high power. Given this observation, TV bands for
the access of both fixed and portable devices (i.e., 512–
602 MHz and 620–698 MHz) can be further divided into
two parts: fixed-only and portable-only bands. How-
ever, this division may result in low spectrum efficiency
since spectrum opportunities would be largely wasted
when either fixed devices or portable devices become
less active in their allocated bands. This problem can
be solved within the IEEE 802.19.1 framework, in which
the coexistence manager dynamically allocate disjoint
set of channels to both fixed and portable devices [60].
� From the perspective of the operation of low power

devices: One future research direction is that low power
devices signal high power devices their presence such
that high power devices leave spectrum opportunities
to them. An example is the work presented in [91] as
discussed in the second paragraph of this part. How-
ever, future coexistence mechanisms should try to
avoid the use of external add-on and solve the power
asymmetry problem with MAC layer methods. Another
future research direction is that low power devices spa-
tially reuse the operating spectrum of high power
devices. Although fixed devices are allowed to use very
high transmit power, they may not necessarily use the
maximum power all the time due to energy or PU
protection concerns. Instead, they would only use the
maximum power when necessary (e.g., the receiver is
too far or interference from other devices is too high).
For example, IEEE 802.22 supports transmit power con-
trol on a link-by-link basis to minimize transmit power
of fixed devices while still maintaining reliable connec-
tion [65]. Hence low power devices can spatially reuse
the operating channel of the 802.22 network when
the transmit power of 802.22 devices is low.
� From the perspective of the operation of high power

devices: Fixed devices can adjust their behaviors to
improve the coexistence with portable devices. First,
transmit power control can be utilized by fixed devices
as discussed in the previous paragraph. Second, direc-
tional antennas can be used to reduce interference to
low power devices. For example, a novel multi-channel
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MAC protocol with directional antenna is proposed in
[92] to enhance spatial reuse and bandwidth utilization
in WLANs. However, the protocol does not incorporate
CR functionality and fails to consider significant differ-
ence of diverse networks.

4.3. Efficient spectrum allocation algorithms

Design of spectrum allocation algorithms is already a
challenging issue in traditional CR networks since many
factors must be taken into account, such as PU activities,
QoS requirements of SUs, quality of channels (e.g., interfer-
ence level, path loss, link error, MAC layer delay and hold-
ing time, etc. [22]). The holding time is defined as the
expected time duration that an SU can occupy a channel
before PUs return. However, spectrum allocation is even
more challenging in TVWS access for the following
reasons: (1) mutual interference is increased due to better
propagation properties of TVWS channels; (2) coexistence
of heterogeneous TVBDs; (3) possible high mobility of
TVBDs (e.g., vehicular TVBDs); (4) TVBDs may have their
own licensed channels, such as Wi-Fi, LTE and vehicular
communication devices; (5) requirements of both intra-
network and inter-network spectrum allocation. The
objective of spectrum allocation can be to optimize perfor-
mance metrics such as system throughput, delay and
fairness.

In [56], a joint spectrum and power allocation algorithm
is proposed for inter-cell spectrum sharing in infrastruc-
ture-based CR networks. Both exclusive allocation and
common use models are studied in this work. In the exclu-
sive allocation model, a CR user accesses a channel only
when the channel is not being used by other users. On
the contrary, the common use model allows multiple users
to access the same channel simultaneously. The proposed
algorithms are shown to be able to maximize capacity of
a cell, minimize the interference to its neighboring cells
and reliably protect PUs. However, the approach does not
apply to ad-hoc networks without centralized controller,
especially for mobile SNs. Moreover, the proposed model
simply assumes PU activities to be a two state birth–death
process without evaluating quality of each available
channel.
A network model is proposed in [61] to incorporate a
centralized CR network (e.g., IEEE 802.22 network) in an
existing cellular system. Two findings are presented in
the analysis of TVWS access in cellular networks. First,
TVBDs achieve higher capacity by accessing their own
licensed channels instead of TVWS channels, when the
inter-cell interference is generated by the same sources
(i.e., neighboring cells). Second, TVWS channels should be
assigned to TVBDs far away from their base stations,
whereas the licensed channels should be allocated to
TVBDs close to the base stations. The difference in channel
allocation strategies results from better propagation prop-
erties of TVWS, i.e., TVWS channels usually suffer less path
loss than the cellular channels. However, this model is only
applicable for centralized networks with a central control
entity. In addition, delay requirements are not considered
in the model. In [93], the TVWS spectrum is used on an
overflow basis, i.e., TVWS is only used as a temporary spec-
trum when traffic exceeds the capacity of available Wi-Fi
spectrum. A good indicator of spectrum congestion is deg-
radation of network performance, e.g., dropping of system
throughput or increase of collision rate. A priority-based
segmentation mechanism is also proposed in [93], in
which TVWS is used based on the urgency of the data.
More specifically, less urgent data can be transmitted in
TVWS, while more urgent messages are transmitted in
Wi-Fi bands. However, no theoretical analysis is given in
this work.

Open research issues:

� Complete modeling of the TVWS spectrum: Most spec-
trum allocation algorithms only focus on channel
capacity in the evaluation of channel quality. However,
many other channel characteristics also have significant
impact on the spectrum usage efficiency, such as delay,
link error rate and holding time [22]. Two methods are
available to evaluate quality of TVWS channels: spec-
trum sensing and centralized spectrum management.
First, TVBDs can either individually or cooperatively
sense TVWS channels to evaluate their quality. How-
ever, TVBDs have to interrupt their ongoing session to
sense the channels, which degrades their transmission
performance. Hence it’s important to properly schedule
spectrum sensing and data transmission to achieve a
good trade-off between channel quality evaluation
and spectrum usage efficiency. Another method is to
manage all channels in a centralized way. More specif-
ically, a spectrum manager is responsible for monitor-
ing quality of all TVWS channels and allocating those
channels to TVBDs. However, such infrastructure-based
methods may not work in ad-hoc networks such as
mobile wireless sensor networks.
� Determine usage pattern of TVWS: As discussed in the

third paragraph of this part, TVWS channels can be used
either as backup channels or low priority channels. In
the first pattern, TVWS channels are only used when
the TVBDs’ licensed spectrum is overloaded. In the sec-
ond pattern, TVWS channels are always used to carry
low priority packets. However, it is nontrivial to com-
pare the two usage patterns. In the overflow pattern,
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it is still an open issue to determine whether current
traffic load has outstripped the capacity of SUs’ licensed
spectrum. Actually, the degradation of network perfor-
mance can be caused by other factors instead of spec-
trum spillover, such as interference from neighboring
TVBDs. In the second pattern, it is possible that the
throughput of low priority packets would be higher if
they are transmitted in their licensed spectrum instead
of TVWS. Although an SU’s throughput on its licensed
channel can be degraded due to congestion, the SU’s
throughput on a TVWS channel can also be degraded
due to return of PUs, interference from other heteroge-
neous SUs and spatial variations of the TVWS channel.
In fact, the usage pattern should be based on the com-
plete modeling of both the TVBDs’ licensed spectrum
and TVWS.
� Impact of mobility on spectrum allocation: Most exist-

ing channel allocation algorithms only focus on static
or low-speed CR networks with fixed set of available
channels. However, high mobility of TVBDs (e.g., vehic-
ular TVBDs) would raise more new challenges on the
design of spectrum allocation. First, it would become
extremely hard to evaluate the quality of available
channels through spectrum sensing given very short
allowed time for evaluation. Hence an infrastructure-
based evaluation mechanism is preferable. Second, the
availability of TVWS channels can change more quickly
due to spatial–temporal variations of TVWS, especially
in urban areas. Third, the time complexity of the spec-
trum allocation algorithms must be very low to meet
delay requirements of mobile TVBDs.

4.4. Migration from SUs’ licensed spectrum to TVWS

As discussed in the previous part, TVBDs may have their
own licensed spectrum and use TVWS as backup or low
priority spectrum. Once a TVWS channel is allocated to a
transmitter–receiver pair, they must switch from their
licensed channel to TVWS channel seamlessly. Given possi-
bly different properties of TVBDs’ licensed spectrum and
TVWS, the channel migration (or switch) must be seam-
less, i.e., with low control overhead and short delay. This
issue is trivial in infrastructure-based networks, where a
central controller monitors both spectrum usage and sta-
tus (either busy or idle) of each TVBD. More specifically,
a transmitter simply sends its request to the central
controller including the ID of its target receiver. Then the
controller determines channel allocation and channel
migration time based on channel usage information and
status of the receiver. In contrast, the channel migration
issue becomes very challenging in ad-hoc networks for
the following reasons: (1) the transmitter may not know
the status of its target receiver; (2) the transmitter and
the receiver must negotiate to determine their operating
channel since they may have different set of available
TVWS channels, which makes the channel selection
problem more difficult; (3) both the transmitter and the
receiver may keep moving. Hence efficient transmitter–
receiver rendezvous and negotiation mechanisms must
be developed to enable their seamless migration to TVWS.
Channel migration mechanisms are usually associated
with multi-channel MAC protocols. Existing multi-channel
MAC protocols can be classified into four categories based
on their principles of operation: Dedicated Control Channel
(DCC), Parallel Rendezvous (PR), Common Hopping (CH)
and Split Phase (SP) protocols [94]. In the DCC protocols,
each TVBD is assumed to have two transceivers, one of
which is used to exchange control information with other
TVBDs on a dedicated control channel. During control inter-
vals, all TVBDs contend to broadcast control messages on
the control channel. However, these protocols do not apply
to TVBDs with only one radio. PR protocols are extension of
DCC protocols in which multiple channels are used as con-
trol channels. Both DCC and PR protocols may not work in
TVWS access since there may not exist a common control
channel as discussed in part D of Section 3.

In the CH protocols, each TVBD has only one transceiver
and keeps hopping among available channels until it
makes an agreement with another TVBD. However, it is
very challenging to design optimal hopping sequence to
minimize the time for transmitter–receiver rendezvous.
In SP protocols, time is partitioned into alternating
sequences of control information and data exchange
phases. However, such protocols can largely degrade sys-
tem throughput since TVBDs must interrupt their ongoing
transmissions in control intervals, even though they do not
have control information to send. In addition, it is also very
difficult to determine the optimal ratio between the dura-
tion of control and data exchange intervals.

In addition to the MAC protocols above, cluster-based
and cooperative multi-channel MAC protocols can both
be used to enable channel migration in TVWS. In the clus-
ter-based MAC protocol, a cluster head is responsible for
channel allocation and migration within its cluster. Fur-
thermore, cluster heads coordinate to support inter-cluster
communications. In other words, cluster heads work in the
similar way to ‘‘network bridge’’ in wired networks. In
cooperative MAC protocols, idle neighboring TVBDs of a
transmitter help the transmitter establish connection with
its receiver as follows. The transmitter broadcasts a pre-
RTS message to its neighbors and receiver including its
available TVWS channels. Once its neighbors overhear
the message, they would reply the transmitter with
unavailable channels at their locations and forward the
message to the receiver. If the receiver receives the pre-
RTS from either the transmitter or its neighbors, it would
reply the transmitter by sending a pre-CTS message includ-
ing its preference on channel selection. In this way, the
transmitter is able to know the status of its receiver as well
as available channels. Then the transmitter determines the
operating channel and sends a RTS message including
channel selection and migration information. After receiv-
ing a CTS message from the receiver, the transmitter starts
migrating to the operating channel and transmitting pack-
ets on the channel.

Open research issues:

� Inter-spectrum channel migration: Almost all the
multi-channel MAC protocols discussed above are ded-
icated to channels within a single licensed spectrum.
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However, in TVWS access, TVBDs must deal with the
channel migration problem from their licensed
spectrum to TVWS. Moreover, the channel migration
problem becomes even more complicated since CR
functionality must be incorporated into the channel
migration algorithms to protect PUs. So far, few works
have been presented to enable seamless inter-spectrum
channel migration in TVWS. The channel migration
problem in TVWS can be divided to two sub-problems:
transmitter–receiver rendezvous and negotiation. Since
the receiver can alternatively operate in its licensed
spectrum or TVWS, it is very difficult for the transmitter
to rendezvous with the receiver. An algorithm is
proposed in [95] to design common hopping sequence
for a multi-channel network to maximize rendezvous
probability for any transmitter–receiver pair. A remark-
able advantage of the algorithm is that it achieves high
system throughput without the need for global syn-
chronization or a dedicated control channel/interval.
However, all transmitter–receiver pairs are required to
use the same hopping sequence, which is not practical
in TVWS access, since TVBDs may have different set of
available TVWS channels. The transmitter–receiver
negotiation problem is also nontrivial due to spatial–
temporal variations of TVWS.
� Theoretical evaluation of delay performance: Short

delay is almost the most important requirement for
seamless migration from TVBDs’ licensed spectrum to
TVWS. However, the migration delay performance is
merely evaluated through simulations in most multi-
channel MAC protocols [94]. Actually, the modeling of
migration delay is extremely difficult since it is affected
by many factors, such as status of receivers, PU activi-
ties, channel quality in both the licensed spectrum
and TVWS, transmitter–receiver rendezvous and
negotiation algorithms.

4.5. Spectrum handoff in TVWS

In CR networks, spectrum handoff is defined as the
process in which an SU switches from its operating channel
to a new channel. As shown in Fig. 5, two events can trigger
the spectrum handoff: return of PUs on the operating
channel or the quality of the operating channel deterio-
rates significantly such that the SU has to switch to a better
Fig. 5. Triggering events and classification of spectrum handoff.
channel to meet its quality of service requirements. In the
first scenario, SUs are usually required to periodically sense
the operating channel and vacate the channel if PU
activities are detected. For example, FCC requires every
sensing-only TVBD to perform in-service monitoring of
its operating channel for at least once every 60 s [8]. How-
ever, this requirement does not apply to TVBDs determin-
ing available TVWS channels through geo-location/
database access. In the second scenario, it is nontrivial to
determine whether to switch to a new channel due to
the cost of spectrum handoff. More specifically, the cost
consists of many parts such as interruption of ongoing
communication and spectrum latency (including spectrum
sensing time, handshaking time, channel switching time,
waiting time and contention time with other SUs on the
new channel).

The objective of spectrum handoff is to ensure the
channel switch is made smoothly and as quickly as possi-
ble, such that the applications running on SUs suffer from
the minimum performance degradation during the spec-
trum handoff period [22]. Hence performance metrics of
spectrum handoff can be spectrum usage efficiency, the
number of handoffs, switching latency, link maintenance
probability, non-completion probability [96], among which
switching latency is the most important one. Existing spec-
trum handoff mechanisms can be classified into two cate-
gories: proactive and reactive handoffs. Proactive handoff
happens before a triggering event occurs (e.g., return of
PUs or significant deterioration of channel quality) while
reactive handoff happens after a triggering event occurs.

In the proactive handoff, target channel is pre-deter-
mined based on the prediction of short-term PU activities
and evaluation of available channels. Hence the switching
latency can be very low. However, one problem with this
handoff mechanism is channel obsolescent, i.e., the
pre-determined channel may become unavailable when
spectrum handoff occurs. Furthermore, spectrum sensing
must be done periodically to predict the pattern of PU activ-
ities and evaluate channel quality, which also incurs some
latency. Another equivalent problem is channel waste, i.e.,
leaving the operating channel before PU triggering events
happen can result in waste of spectrum opportunities on
the operating channel due to prediction inaccuracy. A pro-
active spectrum handoff mechanism is proposed in [97]
based on the prediction of PU activities. More specifically,
reliable residual channel lifetime is estimated by assuming
PU activity follows with an ON/OFF Markov chain. A similar
mechanism is proposed in [98] in which a proactive spec-
trum handoff framework for CR ad-hoc networks is devel-
oped without common control channel. Furthermore,
several other functionalities are incorporated in the frame-
work, such as channel switching policies, a proactive spec-
trum handoff coordination scheme and a distributed
channel selection scheme. In particular, the distributed
channel selection scheme is proved to eliminate collisions
among SUs and achieve short spectrum handoff delay.
However, both the channel obsolescent and waste issues
are not attacked in the proposed framework.

In contrast to proactive mechanisms, the switching
latency of reactive spectrum handoff is much higher since
spectrum sensing, hand-shaking, contention with other
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SUs on the new channel must be done before the SU
switches to the new channel. A special type of reactive
spectrum handoff is backup channel based handoff. More
specifically, SUs pre-determine a set of backup channels
and switch to one of the backup channels when triggering
events happen on their operating channels. It’s easy to see
channel obsolescent problem also exists in such spectrum
handoff mechanisms. For example, each IEEE 802.22
WRAN has one operating channel, several backup channels
and a couple of candidate channels. When PUs are sensed
on the current operating channel, one of the backup chan-
nels will be selected as the new operating channel. Candi-
date channels can be promoted to be backup channels if
PUs do not appear in these channels for a long time. In
[99], an opportunistic spectrum access mechanism with
backup channels is proposed to reduce the number of spec-
trum handoffs. However, the work fails to deal with the
channel obsolescent issue.

Game-theoretic models have also been used to address
the issues of spectrum handoff [100,101]. In a spectrum
handoff game, each SU aims to maximize the amount of
its spectrum opportunities by making handoff decisions
on when and how to switch its channels. Meanwhile, each
SU must take into account the PU activities, handoff cost
and possible contention with other SUs on the new chan-
nel. Singleton Bayesian spectrum mobility games are pro-
posed in [101] to model the interaction of SUs in
spectrum handoff. The games are based on Singleton Con-
gestion Games and are attacked both in complete-informa-
tion scenario and incomplete-information scenario. The
authors provide a polynomial-time algorithm to find the
socially optimal equilibrium among all equilibriums,
which optimizes the overall performance of all SUs in
terms of average SINR. However, the proposed work fails
to evaluate the spectrum handoff performance in terms
of handoff latency, which is one of the most important per-
formance metrics of spectrum handoff.

Open research issues:

� Spectrum handoff with known PU activities: Almost all
existing spectrum handoff mechanisms assume that PU
activities are unknown and thus make handoff deci-
sions based on the prediction of short-term PU activi-
ties. However, this assumption should be loosened in
TVWS access because availability of channels changes
at a large time scale [100]. In other words, PU activities
can be assumed to be known and constant in a large
time scale, which requires new handoff policies. How-
ever, it is still very challenging to make optimal spec-
trum handoff decisions, since both cost of handoff and
contention with other SUs must be taken into account.
Given the knowledge of channel availability informa-
tion, a spectrum mobility game is proposed in [100] to
determine when and how each TVBD should switch
channel. The game is proved to be equivalent to a sym-
metric network congestion game and a distributed pro-
tocol is proposed to organize TVBDs into Nash equilibria
without negotiating with each other. However, the
authors fail to evaluate the handoff performance in
terms of latency.
� Spectrum handoff due to channel quality deterioration:
As discussed at the beginning of this part, two events
can trigger spectrum handoff: return of PUs on the
operating channel or quality deterioration of the oper-
ating channel. However, almost all existing spectrum
handoff mechanisms only focus on the first triggering
event. Actually, the second triggering event could hap-
pen much more frequently than the first event in TVWS,
especially for fixed and Mode 2 portable devices. The
reason is that, according to FCC’s regulations (page 46
of [8]), fixed and Mode 2 portable devices are required
to check the database at least once per day to obtain
channel availability information. In other words, the
channel availability information can be assumed to be
constant in one day unless they move. In contrast, het-
erogeneous TVBDs would coexist on the same TVWS
channels, which can often deteriorate the channel qual-
ity significantly. Therefore, future research should pay
more attention to the design of spectrum handoff
mechanisms considering channel quality deterioration.
Furthermore, such mechanisms need to be associated
with coexistence protocols of heterogeneous SNs.
� Modeling of handoff performance: As discussed above,

the performance of spectrum handoff can be modeled
from the perspectives of spectrum efficiency, handoff
latency, the number of handoffs, link maintenance
probability and non-completion probability. The mod-
eling of handoff performance in TVWS is very compli-
cated since both spatial–temporal variations of TVWS
and contention among heterogeneous TVBDs must be
considered. Although there are already a few models
on handoff performance in terms of handoff latency
[50] and the number of handoffs [99], the modeling in
terms of other metrics and overall performance is lar-
gely unexplored. Queuing-theoretic models are good
candidates for future modeling of spectrum handoff as
studied in [50].
� Impact of mobility on spectrum handoff: The mobility

of TVBDs (e.g., vehicular devices and cell phone users)
would make the spectrum handoff problem more diffi-
cult due to both spectrum mobility and user mobility.
More specifically, the mobility of TVBDs raises several
new challenges for the spectrum handoff as follows:
(1) quality of TVWS channels varies with the mobility
of TVBDs, hence it is more difficult to design proactive
and backup channel based handoff mechanisms; (2) it
becomes more difficult to predict PU activities since
neighboring PUs keep changing with the mobility of
TVBDs; (3) handoff latency must be even lower to meet
the quality of service requirements of mobile TVBDs;
(4) it is more difficult to model the contention between
the mobile TVBD with neighboring static or mobile
TVBDs on new TVWS channels, especially for heteroge-
neous TVBDs. Future research should model the spec-
trum handoff process by jointly considering spectrum
mobility and user mobility. For example, a unified
mobility management framework is proposed in [102]
to model diverse mobility events in CR networks, which
consists of spectrum mobility management, user
mobility management and inter-cell resource alloca-
tion. However, the framework is dedicated to CR
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cellular networks with centralized base stations. In
addition, PU activities are simply modeled as ON/OFF
Markov chains. Hence future works should address
the mobility issue in spectrum handoff for more general
CR networks.

4.6. Quality of service provisioning

As an important component, quality of service (QoS)
provisioning is required in many wireless networks, such
as the IEEE 802.11e and the IEEE 802.11p networks. In
non-CR (or regular) networks, wireless traffic is usually
classified to four types based on the QoS requirements:
constant bit rate traffic, video-conference, VoIP sessions
and simple best effort communications [103]. However,
CR networks can only support services with strictly lower
QoS requirements than regular networks due to protection
of PUs and coexistence of contention among SUs. Hence, in
addition to traditional QoS metrics such as throughput
[103], delay [104], SINR [105], data distortion rate [106],
bandwidth [107] and bit error rate [105], some other QoS
metrics have been proposed for CR networks, such as
blocking probability [108], dropping probability [109]
and fairness [103] among SUs. In CR networks, an SU must
switch to a new channel when PUs appear on its operating
channel. However, the session of the SU may be dropped
due to unavailability of new channels. Furthermore,
incoming sessions can be even blocked when many PUs
are active on the licensed channels. Both dropping and
blocking would significantly deteriorate the SU’s QoS per-
formance, and thus dropping and blocking probabilities
are important QoS metrics in CR networks.

QoS provisioning is already very challenging in regular
wireless networks. However, today’s networks require
QoS measures going beyond the availability of bandwidth.
Furthermore, it is more difficult to provide QoS guarantees
in TVWS due to channel fragmentation, spatial–temporal
variations of TVWS and coexistence of heterogeneous
TVBDs. Moreover, since it is extremely difficult to provide
deterministic QoS guarantees in CR networks, most exist-
ing works focus on realizing statistical QoS provisioning
[110]. Existing approaches to supporting QoS provisioning
can be classified into the following categories: MAC layer
resource allocation [105,111,112], call admission control
[103,108,113], bandwidth adaption [107,108] and cross-
layer QoS provisioning mechanisms [114,115]. To protect
PUs, all these approaches are associated with certain spec-
trum sensing, access and mobility policies.

In addition, an application layer method is proposed in
[106] to support QoS provisioning, which is defined as the
multimedia distortion rate. Given source coding rate and
packet loss rate, the authors aim to minimize the multime-
dia distortion rate by choosing the optimal spectrum sens-
ing policy, spectrum access decision, data intra-refreshing
date. The QoS optimization problem is modeled as a par-
tially observable Markov decision process, and the optimal
policy is obtained. However, the contention among differ-
ent SUs is not considered in the model. In addition, the
multimedia distortion rate metric does not apply to many
types of wireless networks such as delay-sensitive and
throughput-sensitive networks.
Open research issues:

� Fairness among heterogeneous SNs in TVWS: Multiple
diverse SNs are supposed to coexist in the same TVWS
spectrum with equal priority and they may have signif-
icantly different QoS requirements (e.g., throughput,
delay, and dropping/blocking probability). However,
the operation of a SN may dominant the operation of
other SNs on the same channel. For example, IEEE
802.22 high-power networks can starve IEEE 802.11af
low-power networks without proper coordination.
Hence it is nontrivial to achieve fairness of multiple het-
erogeneous SNs in terms of their QoS requirements. Few
works have been proposed to solve the fair QoS
provisioning problem among diverse SNs in TVWS.
Intuitively, possible solutions can be classified into cen-
tralized and distributed fair inter-network QoS provi-
sioning mechanisms. Centralized mechanisms can be
based on the IEEE 802.19.1 coexistence framework in
which the coexistence manager is responsible for
achieving fairness among diverse SNs. In distributed
mechanisms, neighboring SNs can cooperate to realize
joint QoS provisioning.
� Impact of mobility on QoS provisioning: Many mobile

wireless networks have QoS requirements. For example,
in vehicular networks, safety related messages are
required to be transmitted with certain delay require-
ments. Hence it is necessary to incorporate QoS provi-
sioning in such mobile CR networks operating in
TVWS. However, mobility of SUs would make the QoS
provisioning more difficult in TVWS for the following
reasons: (1) more frequent spatial–temporal variations
of TVWS; (2) more complicated contention of an SU
with neighboring static or mobile TVBDs, especially het-
erogeneous TVBDs. Few works have been proposed to
deal with the QoS provisioning problem in mobile CR
networks.

4.7. Support of broadcast

In regular wireless networks, a separate common
control channel (CCC) is usually used to broadcast control
information or emergency information during broadcast-
ing periods in both infrastructure-based and ad-hoc net-
works. However, it is still deemed to be an open question
whether the use of a CCC is feasible in TVWS access [83].
One reason is that TVBDs may have different sets of
available channels, and thus there may not exist a CCC
available to all neighboring TVBDs. The other reason is that
a pre-selected CCC can become unavailable due to return of
PUs or mobility of TVBDs. Hence it is nontrivial to support
broadcast in TVWS. In contrast to unicast issues in CR net-
works, the support of broadcast is largely an unexplored
issue.

Below are several potential methods to enable reliable
broadcast in TVWS access. The first method is that TVBDs
use one of their own licensed channels as the broadcasting
channel. This method is practical since many wireless
networks to operate in TVWS spectrum have their own
licensed channels, such as vehicular and cellular networks.
Another method is to utilize a separate Cognitive Pilot
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Channel (CPC) as the broadcasting channel. A CPC is an
open channel to all CR users which conveys necessary
information facilitating the operations of CR systems
[85]. For example, in [86], available band is divided into
many sub-bands and the first two sub-bands are used as
CPCs.

Additionally, multiple TVWS channels can be used as
broadcast channels. A ‘‘selective broadcasting’’ mechanism
is proposed in [116] in which a small subset of channels
covering all SUs are selected for exchanging control infor-
mation. To reduce the number of broadcast messages, the
minimum number of channels is chosen through which
an SU can reach all its neighboring SUs [116]. A similar
broadcast mechanism is proposed for multi-hop CR ad-
hoc networks without a common control channel in
[117]. The mechanism is shown to provide very high suc-
cessful broadcast ratio by downsizing original available
channel set and designing optimal broadcasting sequences
and scheduling schemes. However, the end-to-end delay
between the broadcaster and some receivers can be very
high since the broadcast is implemented in a multi-hop
way. In addition, system performance may be degraded
since more users are involved in relaying packets for a sin-
gle broadcaster.

Open research issues:

� Multi-hop broadcast: Since there may not exist a
common control channel available to all TVBDs, it is
reasonable to realize the one-hop broadcast task in a
multi-hop way as proposed in [116,117]. However, as
discussed above, this method may incur more latency
and result in the degradation of system performance.
Hence more efficient scheduling mechanisms should
be developed to support multi-hop broadcast in TVWS.
� Broadcast among multiple heterogeneous networks:

Most of existing broadcast mechanisms only apply to
broadcast within a cognitive network, and it is still an
open research issue to enable reliable broadcast among
multiple heterogeneous networks in TVWS. A potential
method is to use an out-of-band channel as the broad-
cast channel available to all heterogeneous TVBDs.
When a SN is broadcasting on the channel, all other
TVBDs are required to listen to the channel at the same
time. However, it can be extremely hard to realize syn-
chronization of heterogeneous TVBDs in TVWS [51].
Additionally, the out-of-band broadcast channel would
be easy to get congested since all heterogeneous TVBDs
try to broadcast messages on the channel.

5. Worldwide regulatory activities

USA: FCC proposed to allow cognitive access of TVWS
for the first time in 2004 [118]. In 2008, the Second Report
and Order [10] was issued with specific rules on the pro-
tection of PUs (e.g., TV stations and wireless microphones)
to allow license-exempt access of TVWS. Further regula-
tion works were completed in 2010 and the Second Mem-
orandum Opinion and Order [8] was published at the same
time, which finalized FCC’s general rules on the use of
TVWS. In addition, FCC NPR 13–22 added more regulations
about future use of the DSRC band.

The UK: In the UK, the first document regarding the
license-exempt use of interleaved spectrum (i.e., TVWS)
called Digital Divided Review was released by Ofcome in
2007. Afterwards, in 2009, Ofcom proposed to allow the
use of spectrum sensing and geo-location/database access
to detect incumbent communication services [119].
Furthermore, another Statement [120] was published to
specify the rules on the implementation of geo-location/
database access in 2011. Ofcome has also created a TVWS
working group to establish the UK-specific framework for
TVBDs operating with geo-location/database access.

Europe: The European Conference of Postal and Tele-
communications Administrations (CEPT) has also started
working on the regulations on the use of TVWS [121].
The regulation works are tackled by the CEPT Group
SE43, created in June 2009. SE43 is currently considering
TVWS usage modeling and defining technical/operational
TVBD requirements in the 470 MHz to 790 MHz band.

Japan: The Japanese Ministry of Internal Affairs and
Communications (MIC) is following the same path and
considering TVWS utilization. With the creation of an
Evaluation Committee (EvC) 2009, it evaluated the usage
models and technical issues toward TVWS utilization.
More recent information can be found in [122].

Singapore: In 2010, the chief information officer of the
Singapore government (iDA) announced its White Space
Technology Information Package and Test Plan, and
requested organizations to indicate their interests to
participate in white-space trials. Such trials provided
real-world measurements, which would facilitate the
development of TVBDs and assist iDA in constructing a reg-
ulatory framework to enable access to TVWS. The latest
development can be found in [123].

6. Worldwide standardization efforts

ECMA-392: The first standard regarding cognitive
access of TVWS was from ECMA International. Standard
ECMA-392 (i.e., MAC and PHY for Operation in TV White
Space) was published in December 2009 [124]. This stan-
dard was mainly designed for communication between
personal/portable devices.

IEEE 802.22: In July 2011, the IEEE 802.22-2011stan-
dard was published [65]. The 802.22 standard is dedicated
to Wireless Regional Area Networks (WRANs). The primary
target application of the standard is licensed-exempt
broadband wireless access of TVWS in rural areas. The net-
work architecture including MAC and PHY was derived
from the IEEE 802.16 WiMAX.

IEEE 802.11af: The 802.11af task group is working on
an amendment to the IEEE 802.11 standard, including
MAC/PHY modifications and enhancements to satisfy legal
requirements for channel access and coexistence in TVWS
[125]. The completed IEEE 802.11af standard will likely use
the OFDM PHY proposed in IEEE 802.11ac. The 802.11af
task group plans to enable the use of multiple contiguous
and non-contiguous channels in TVWS.

IEEE 802.19: The IEEE 802.19 Working Group has been
working on TVWS coexistence issue, and a task group,
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802.19 TG1, is dedicated to developing a standard to
improve coexistence in TVWS. In December 2009, the IEEE
802.19.1 TG was formed to develop radio technology
independent standard methods for coexistence of hetero-
geneous TVBDs in TVWS. The IEEE 802.19.1 task group
has proposed a high-level approach, i.e., new PHY and/or
MAC design is not considered. In August 2011, the task
group released its first draft standard [60], providing the
framework towards the development of coexistence
schemes for efficient spectrum sharing in TVWS.

ETSI-RSS (European Telecommunications Standard
Institute Technical Committee for Reconfigurable Radio
Systems): Four working groups were established by ETSI-
RRS in 2008 to propose technical solutions beyond the
scope of other standardization bodies including system
aspects, radio equipment architecture, cognitive manage-
ment and control, and public safety [126]. Two cases are
considered by ETSI RRS for TVWS access: middle and long
range wireless access over TVWS and access to UHF TVWS
in a centralized mode. In the first case, Internet access is
provided by a base station to end users by utilizing TVWS
over ranges similar to cellular networks, e.g., from 0 to
10 km. In the second case, a central control node (logical
node) is responsible for managing the access of the macro
radio systems (e.g., TD-LTE) to the UHF TVWS.

IEEE 1900.7: The IEEE DySPAN Standards Committee
(DySPAN-SC) is dedicated to addressing CR and dynamic
spectrum access problems. A new 1900.7 task group was
formed to create another MAC/PHY standard for TVWS in
2011 [127]. According to its project authorization request,
the new MAC/PHY will enable fixed and mobile operation
in TVWS, while avoiding harmful interference to PUs.

IEEE 802.16 h: The IEEE 802.16 h [59] was published as
an amendment for license-exempt WiMAX in 2010. In the
IEEE 802.16 h, various coordinated and uncoordinated
coexistence mechanisms are proposed, which are applica-
ble for the coexistence of metropolitan area networks in
TVWS.

IEEE 1900.4a (Architecture and Interfaces for Dynamic
Spectrum Access Networks in White Space Frequency
Bands): Based on the existing IEEE standard 1900.4, the
IEEE 1900.4a defines additional interfaces and entities to
realize mobile wireless access services in TVWS without
requirements on radio interface (physical and media
access control layers, carrier frequency, etc.) [128].

IEEE 802.15.4m (low rate (LR) wireless personal area
networks (WPANs) operating in the TV white space): IEEE
802.15.4m or Task Group 4m was established in 2011. The
IEEE 802.15.4m group is formed under the IEEE 802.15 LR-
WPAN Working Group and is dedicated to enabling LR-
WPAN in the TVWS bands [129].

7. Conclusion

The release of large TV spectrum resources by FCC for
cognitive access provides a promising approach to solving
spectrum scarcity problem in current wireless networks.
However, many new challenges are also raised to effi-
ciently use TVWS under requirements on the protection
of PUs. This article summarizes cognitive MAC issues on
TVWS access, discusses potential solutions to deal with
the issues and investigates open research issues. All the
mentioned issues must be carefully addressed to realize
the efficient use of TVWS in current wireless networks.
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