
IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 60, NO. 8, OCTOBER 2011 3853

Opportunistic Access of TV Spectrum Using
Cognitive-Radio-Enabled Cellular Networks

Young-June Choi, Member, IEEE, and Kang G. Shin, Life Fellow, IEEE

Abstract—Motivated by the Federal Communications Commis-
sion’s recent approval of commercial unlicensed operations of
some television (TV) spectrum, we propose to integrate cognitive
radios (CRs) that operate on unoccupied TV bands with an ex-
isting cellular network to increase bandwidth for mobile users.
The existing cellular infrastructure is used to enable the operation
of such CRs. Because base stations (BSs) can sense spectrum
and exchange the sensed information for the reliable detection of
primary users (PUs) and white spaces, we propose a collaborative
sensing mechanism based on cell topology, where the BS declares
its cell to be PU-free when neither the BS nor its neighboring
BSs detect any PU. This way, in a PU-free cell, the following two
types of channels are available: 1) channels that are originally
licensed for the cellular system and 2) CR channels that are
discovered through spectrum sensing. Because the CR channels
that operate on TV bands usually suffer less path loss than the
cellular channels, we derive two important results. First, each user
gains more capacity when accessing a cellular channel than an
empty TV channel, as long as intercell interferences are caused
by the same sources. Second, assigning TV bands to cell-edge
users is better in maximizing cell capacity. These two effects and
the performance of the proposed sensing mechanism are verified
through numerical evaluation.

Index Terms—Cellular networks, channel allocation, cognitive
radios (CRs), television (TV) spectrum.

I. INTRODUCTION

TO PROVIDE higher throughput and enhanced qual-
ity of service, researchers have been exploring fourth-

generation (4G) wireless systems, which is also defined as
International Mobile Telecommunications Advanced (IMT-
Advanced). Recently, a significant amount of effort has been
devoted worldwide to system evolution toward 4G, such as
the third-generation Long Term Evolution (3G LTE) and IEEE
802.16m systems. However, the development of these next-
generation wireless systems hinges on efficient solutions to
the shortage of radio spectrum. Although the requirement on
the supported data rates in IMT-Advanced is set to 100 Mb/s
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and 1 Gb/s for high and low mobility, respectively, the total
bandwidth of several hundred megahertz has been allocated
for the use of IMT-Advanced [1], [2]. To achieve this required
data rate, the following two approaches have been suggested:
1) Increase spectrum efficiency, and 2) make more radio spec-
trum available.

The latter approach is made feasible by the advent of the
cognitive radio (CR) technology [3]. CRs allow secondary users
(SUs) to access licensed bands that are unoccupied by licensed
or primary users (PUs). Such a radio spectrum is found in
television (TV) broadcast bands (e.g., 54–862 MHz in North
America) that possess good spectrum characteristics, e.g., wide
transmission range. Recently, the U.S. Federal Communica-
tions Commission (FCC) has approved commercial unlicensed
operations in the ultra high frequency (UHF) spectrum [4]. The
possible use of the unused TV spectrum has led to creation of
the CR-based standard IEEE 802.22 Wireless Regional Area
Network (WRAN), which is a draft with a specified coverage
of 33 km [5], [6], where PUs will be TV boxes and a TV tower.

CRs can thus be used to make more radio spectrum resources
available. Instead of independently operating an IEEE 802.22
network, a service provider is likely to jointly operate a CR
network with an existing cellular system. Such a network over-
lay, called a CR-enabled cellular network, may be a promising
business model for third-generation (3G) service providers,
because they can offer more bandwidth to mobile end users by
accessing more radio spectrum such as TV bands.1 In particular,
the infrastructure that has been deployed for 3G services will
facilitate the deployment of a CR system, e.g., how we can
distribute spectrum sensors and collect the sensed data.

Already-installed base stations (BSs) can be used as the spec-
trum sensors and resource managers of CR networks. When
information on PU locations and channel usage is provided to
these cellular BSs through a shared database, BSs can easily
access the unused channels as a secondary system without
spectrum sensing. When such information is not provided, as
assumed in this paper, spectrum sensing for the discovery of
white spaces and PU signals is critical, because the CR system
not only opportunistically accesses radio spectrum but is also
required to quickly vacate the spectrum band whenever its
PU returns. Because BSs are usually installed on a tall mast
or the rooftop of a building, they can sense the presence of
PUs very well. Considering that the transmission range of

1In practice, IEEE 802.16 and 802.22 systems are based on the common
functionality of scalable OFDMA, which, together with the software-defined
radio (SDR) technology, will enable such a network operation [7].
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cellular systems is typically several kilometers and the trans-
mission range of TV broadcasting antennas is up to hundreds of
kilometers, there could be dozens of cellular BSs in the cov-
erage of each TV broadcasting antenna. Cellular BSs are also
connected through a wired backhaul network so that the sensed
information can quickly and reliably be exchanged among BSs
through this backhaul network, thus requiring no additional
radio resource for the dissemination of the sensed information.
As a result, this approach will decrease the cost of operating
spectrum sensors and collecting the sensed information.2

We propose a new collaborative sensing mechanism by
augmenting already-deployed cellular BSs with CR capability.
Using the sensed information from its neighboring BSs, each
BS allows mobile terminals (MTs)3 within its cell to access
a certain CR channel. When all the neighboring BSs do not
detect any PU on the channel, the BS declares its cell area to be
completely PU-free, because the possibility of interfering with
any PU due to SU communications in the cell area is zero or
very low. When a BS does not detect any PU but some of its
neighboring BSs detect PUs on a specific CR channel, the BS
declares its cell area to be partially PU-free, and MTs that are
not close to BSs that report the presence of a PU are allowed to
access the channel. To fulfill the partially PU-free option, each
MT should report its discovery of BSs based on the pilot signals
to its server BS.4

Because some BSs may provide MTs with more bandwidth
through CR channels in a CR-enabled cellular network, the fol-
lowing two types of accessible channels are available: 1) chan-
nels that are originally licensed for the cellular system and
2) channels that are found through the CR system but are not
used by their PUs. In general, CR channels that operate on
TV bands have lower carrier frequency than cellular systems,
thus suffering less path loss. Therefore, MTs will achieve
higher capacity when accessing an idle TV channel for a single
cell. However, in multicell environments, MTs achieve higher
capacity by accessing the original licensed channel, instead of
accessing an idle TV channel, when the intercell interference
is generated by the same sources (i.e., neighboring cells). This
case is our first finding on channel allocation. Another finding is
that TV channels can be allocated to MTs that are far away from
the BS, whereas the licensed channels can be allocated to MTs
that are close to the BS; this channel-allocation policy will help
maximize cell capacity. In addition, the opposite of this policy
results in the max–min fair allocation. These findings are both
analytically and experimentally verified.

The remainder of this paper is organized as follows.
Section II discusses prior related work. Section III illustrates
the legacy IEEE 802.22 system and presents our proposed
model of CR-enabled cellular networks. In Section IV, we pro-

2Naturally, there could be multiple cellular service providers who want to
share idle TV channels. In this case, if a cellular service provider already uses
the channel, the other providers may regard it as if it were occupied by primary
users. Otherwise, these providers may collaborate through a spectrum broker
[9]. In our approach, we therefore consider a single cellular system only.

3Throughout this paper, we interchangeably use user and MT.
4To make only the partial area available for CR systems, particularly for the

downlink, sector antenna or various directional antennas, such as beamforming,
can be combined with our approach.

pose the collaborative sensing by exploiting already-deployed
cellular BSs. Section V studies channel allocation in the
CR-enabled cellular networks. Section VI presents the evalu-
ation results for the proposed sensing and channel allocation.
Finally, Section VII concludes this paper.

II. RELATED WORK

There has been extensive prior work on CR; for example, see
the surveys in [8] and [9]. The most common CR architecture
is to separately build a secondary network from a primary
network as in IEEE 802.22 systems. If there is a spectrum
broker [9] that gathers the available spectrum information, it
may facilitate spectrum sharing among multiple CR networks.
In case that there is no such information, secondary networks
will opportunistically access the channel that is licensed to a
primary network [10], [11].

The unique feature of our CR-enabled cellular networks is
that both primary and secondary radio spectra are accessed by
a single network. This feature has not yet been investigated
elsewhere, although a concept of dual-mode spectrum sharing
has been proposed, where a mobile user is equipped with CR
capability to access a new CR network and existing networks
[9], [12]. For 4G systems, the reconfigurability concept enables
user equipment to dynamically select the most appropriate
configurable action [13]. The reconfigurable radio networks
that are conceptually described in [14] can be the ultimate goal
of our network model.

Spectrum sensing is key to the implementation of CR sys-
tems, particularly when information on available radio spec-
trum is not provided. In [15]–[17], energy and feature detection
techniques are introduced, and in [18], spectrum sensing for TV
bands is studied. In addition, cooperative/collaborative-sensing
issues have been studied; for example, see [19] and the refer-
ences therein. In cooperative sensing, sensors can be chosen
to minimize the number of sensors to use [20]. Although most
of the state-of-the-art work assumes that sensors are arbitrarily
distributed, we integrate the sensing functionality with already-
installed cellular BSs.

Spectrum allocation in CR systems has also been covered in
the literature (for example, see [21]–[23]). The authors in [21]
investigated the question: “Which node should use how wide
a spectrum band at what center-frequency and for how long?”
They solved it by a centralized and a distributed protocol. In
[22], channel assignment is considered to guarantee the inter-
ference constraints to PUs, and in [23], a distributed scheduling
algorithm is presented. To the best of our knowledge, the
problem of assigning both primary and secondary channels to
the same set of users has not yet been addressed.

When cellular systems are based on orthogonal frequency-
division multiple access (OFDMA) as in Worldwide Inter-
operability for Microwave Access (WiMAX), they are exposed
to intercell interference in cell-edge areas. Although this issue
is not explicitly mentioned in this paper, any technique for
intercell interference mitigation could be applicable to our
system model. This issue is also discussed in the IEEE 802.22
standard [5] to support interference mitigation and coexistence,
particularly when there are multiple BSs in the same area.
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Because our model is based on the existing cellular model, solu-
tions that are developed for WiMAX and 3G LTE systems (e.g.,
[35] and [36]) can also be used for our model if both CR and
licensed channels operate on the same OFDMA platform. For
example, fractional frequency reuse [36], which dynamically
assigns a greater frequency reuse factor to cell-edge users, is
developed to enhance cell-edge performance. This frequency
planning can be applied to CR channels without affecting our
channel-allocation strategy.

III. NETWORK MODEL

Here, we provide a brief overview of the existing network
model of the IEEE 802.22 network and then describe the pro-
posed network overlay model of CR-enabled cellular networks.

A. IEEE 802.22 WRAN

In IEEE 802.22 WRAN systems, a BS manages a number
of consumer premise equipment (CPE) within its own cell as
in cellular systems. Its air interface and Media Access Control
(MAC) frame are very similar to the IEEE 802.16 system based
on OFDMA and time-division duplexing (TDD). The spectral
efficiencies are in the range of 0.5–5 b/s/Hz by using various
modulation and coding schemes [5].

One important feature of this system is the sensing of a PU
signal. In particular, the IEEE 802.22 standard defines distrib-
uted sensing, which enables various CPE to measure different
TV channels and report the results to the BS [6]. The BS
gathers all the sensed information and determines/estimates the
availability of channels. Once the PU’s presence on a channel
has been detected by any CPE or the BS, the channel should
quickly be vacated.

Because the coverage range of IEEE 802.22 WRANs is
specified as 33 km, a WRAN cell may cover dozens of BSs
of an existing cellular network, of which the typical cell size is
in the range of several hundred meters to several kilometers.
The cell size has been reduced to a few hundred meters or
several kilometers in 3G high-speed packet access (HSPA) and
WiMAX systems, because the radio frequency shifts to above
2 GHz.

B. CR-Enabled Cellular Network

The proposed network model incorporates a CR system with
an existing cellular system, and hence, no additional BS is
needed for the CR system. Unlike the case where two networks
(IEEE 802.16 and IEEE 802.22) separately operate, a cellular
BS in the proposed model manages both spectrum bands that
are explored by CRs and the original licensed bands. The role
of spectrum sensing fulfilled by a WRAN BS and CPE in
a distributed manner is handed over to the BSs of existing
wireless systems. Additional sensors could also be attached to
MTs, but this extension is not considered, assuming that, in
the area of a WRAN BS, there will be a sufficient number
of cellular BSs to perform spectrum sensing over TV bands.
Additional sensors may be considered when radio spectra are
accessible by PUs with a very narrow coverage, e.g., wireless

microphones or Programmable Making and Special Events
(PMSE) devices [24], [25]. In reality, the sensing of wireless
microphones is a difficult issue [26]; therefore, one possible
solution is to exclude the radio spectrum that is allocated to
wireless microphones, and we do not treat this problem.

For spectrum sensing in the IEEE 802.22 standard,
each transmission frame is divided into sensing and data-
transmission periods [6], [19], [29]. All CPE and a WRAN
BS do not transmit any data during the sensing period to per-
form spectrum sensing. Following this practice, in our network
model, all BSs have a synchronized frame structure to perform
spectrum sensing during the same sensing period.

Compared to the case where an IEEE 802.22 network sep-
arately operates, the proposed model exploits the following
advantages of an existing cellular network: 1) The cellular
service provider can provide additional bandwidth for end users
and 2) in allocating channels to users, different characteris-
tics of radio propagation over TV and cellular bands can be
exploited. To effectively utilize these augmented channels of
different characteristics, we will explore how we can allocate
such heterogeneous channels in Section V.

Meanwhile, the proposed model exploits the following ad-
vantages in terms of operating a CR network. First, BSs that
will perform sensing have been installed on a tall mast or the
rooftop of a building; therefore, the sensing performance will be
much higher than the CPE-based sensing of the IEEE 802.22.
Second, because BSs are interconnected through a wired back-
haul network, the information that is sensed by each BS can
easily be disseminated over the backhaul network, which alle-
viates the problem of legacy cooperative/collaborative sensing
that radio resources should be consumed for the exchange of
sensed information [29]. Third, the network can also use some
licensed frequency bands for its original intended operation;
therefore, there is no need for establishing a separate common
control channel, which has been a controversial issue in con-
figuring CR systems [27]. Fourth, because the cell size of a
CR network that was set to 33 km in WRANs is decreased
to as small as the cell size of an existing cellular system, the
transmit power can significantly be reduced; thus reducing the
interference to PUs.5 This issue will further be discussed in
Section V. Finally, the area where a CR channel is accessible
is expanded. In IEEE 802.22 WRANs, the whole cell area
should be forbidden from accessing a channel if a PU is
detected on that channel anywhere in the cell. However, when
the cell size is small, BSs in some areas may still allow their
users to access the channel, whereas the other BSs do not, as
shown in Fig. 1. Based on these ideas, we develop a new collab-
orative sensing mechanism, which will be described in the next
section.

IV. COLLABORATIVE SENSING BASED

ON CELL TOPOLOGY

We now describe the proposed collaborative sensing scheme
based on cell topology.

5Although the LTE systems may support a longer cell size up to 100 km, we
consider a general system of which cell sizes are several kilometers.



3856 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 60, NO. 8, OCTOBER 2011

Fig. 1. Increased resource granularity in the proposed network model.

Fig. 2. Examples of collaborative sensing based on cell topology.

A. Procedure

1) Obtain the Topology of BS Sensors: First, each BS needs
to obtain the topology of its neighboring BSs to collaborate
with. This information is easily obtained in conventional cel-
lular networks, i.e., by exchanging the location information of
each BS through the backhaul network or by reports from MTs
on the neighboring BSs. The latter approach is made available
by a handoff procedure, because a server BS can learn from
MTs the information on the neighboring BS to which an MT
moves. Thus, each BS can obtain the topology information of
neighboring BSs; for example, when there are six neighboring
BSs as in the conventional hexagonal cellular model, they are
linked with a centered BS, as shown in Fig. 2.

2) Categorize MTs Into Zones of Effective BSs: In most
cellular networks, an MT keeps track of pilots that are broadcast
by neighboring BSs for several purposes. The most common
purpose is to support handoffs: each MT must know the identi-
fication (ID) number of a neighboring BS that broadcasts the
most dominant signal strength, which is a candidate cell to
move to. In addition, the neighboring BSs need to be known
due to the advent of recent techniques, e.g., fractional fre-
quency reuse, macrodiversity, and beamforming, which require
the cooperation of two or more BSs [28]. To exploit these
techniques, an MT needs to report the channel information
from the dominant neighboring BS(s) and its ID. Dominant BSs
that are shown by an MT are called effective BSs. Thus, a BS
can categorize MTs into zones of effective BSs, as shown in
Table I, where Xi means the sensing result of BS i. As shown
in the example, when X1 = X4 = 0 (i.e., no PU is detected)
and X2 = X3 = 1 (the PU is detected), MTs who report them

TABLE I
EXAMPLE OF CATEGORIZING MTS

as effective BSs can access the channel. MTs that listed “1,
4” as their effective BSs are probably located in a cell-edge
area between BSs 1 and 2. However, MTs that listed “1, 2” as
their effective BSs are prohibited from accessing the channel,
because they are possibly located to BS 2, which declared PU
occupied. This categorization table will be maintained by using
reports from MTs.

3) Exchange the Sensed Information Between Neighboring
BSs Through Backhaul Networks: Each BS performs spec-
trum sensing and exchanges the sensed information with its
neighboring BSs in the topology. A decision on whether a PU
currently utilizes a specific channel can be made by one of the
well-known detection schemes, e.g., matched filter coherent de-
tection, energy detection, and cyclostationary feature detection
[15], [16] or a combination thereof [17]. All of the BSs should
simultaneously perform sensing on a specific channel during
the sensing period and share a list of such channels, including
channels that are currently in use and other potential channels
that may be used in the future.

4) Declare PU-Free Zones: Based on the sensed informa-
tion from its neighboring BSs, each BS can declare its cell area
to be completely PU-free, partially PU-free, or PU occupied
for each channel. In case of PU occupied, the BS does not
use the channel, and in case of completely PU-free, the BS
assigns the channel to be accessed in its area. In case of partially
PU-free, the BS allows only some MTs to access the channel.
The decision mechanism will be described next.

B. Decision Mechanism

We propose the following two decision mechanisms: one
approach for completely PU-free and another approach for
partially PU-free, where the final decision is made according
to the sensing results from a BS and the neighboring BSs. By
using “0” and “1” to represent the absence and presence of a
PU, respectively, we can express the final decision Yi of BS i
as a function of the sensing result of BS i, Xi, and the sensing
results of neighboring BSs, Xj’s as

Yi = Xi ×
∏
j∈Ni

Xj (1)

where Ni represents the set of neighboring BSs of BS i. That
is, Yi = 0 means that this channel is accessible, whereas Yi = 1
means that it is inaccessible due to the presence of a PU.
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TABLE II
DECISION BY THE PROPOSED COLLABORATIVE SENSING

1) Completely PU-Free: A cell area is declared to be com-
pletely PU-free when neither the BS nor neighboring BSs detect
any PU. One example of a PU-free zone is shown in Fig. 2,
where the BS at the center is declared to be PU-free, because
its six neighboring BSs and itself do not detect any PU. In
such a case, communication within the centered cell is unlikely
to interfere with any PU, because its neighboring BSs do not
detect any PU either.

2) Partially PU-Free: It may become inefficient to keep the
entire cell area from accessing a channel when only some of the
neighboring BSs report the presence of a PU on that channel.
For example, Fig. 2 shows that only two neighboring BSs
report 1 for a channel, whereas the other BSs find the channel
available. That channel may be allocated to some MTs, unless
they are close to those BSs.6 The information on such MTs
is given by the table of MTs categorized by effective BSs, as
shown in Table I. This case is declared to be partially PU-free.
In case of partially PU-free, Ni in (1) means the set of effec-
tive BSs.

3) Decision Using Regional Correlation: In general, spec-
trum sensing is imperfect due to the intrinsic nature of sensing
that relies on signal strength. PU-free may be declared even in
the presence of a PU, and this case is called a misdetection. On
the other hand, PU occupied may be declared in the absence of
PUs, triggering a false alarm. To enhance the sensing perfor-
mance by preventing misdetections and false alarms, various
sensing techniques have been proposed, and one key technique
is found in collaborative sensing. For example, the AND rule
is to declare the presence of a PU if all the sensors detect (or
do not detect) a PU, and the OR rule is to do the same if at
least one sensor detects (or does not detect) a PU (see [19] and
references therein for more details on this case).

Each BS may predict whether its detection is correct by
observing the results from its neighboring BSs, because there
will be a regional correlation among the BSs. Therefore, we
propose the use of regional correlation to enhance decision
correctness. For example, if a certain BS detects a PU, whereas
most of its neighboring BSs do not, the decision may be
suspected to be a false alarm. The number of such neighboring
BSs is |Ni| − δi, where δi represents the number of unsuspected
neighboring BSs. Similarly, if a certain BS does not detect any
PU whereas most of the neighboring BSs do, the decision may
be suspected of misdetection. The number of such neighboring
BSs is |Ni| − εi, where εi represents the number of unsuspected
neighboring BSs. In both cases, the BS may reverse its decision.
These scenarios are summarized in Table II.

6Here, we consider omnidirectional antennas, but the BS may use sector
antennas (or beamforming) to further reduce possible interference to a PU.

For reasonable formation of regional correlation, the range
of δi and εi is derived as follows:

0 ≤ δi, εi ≤
⌈ |Ni| − 1

2

⌉
− 1. (2)

When δi or εi is 0, it implies that all the neighboring BSs
report the same sensing result. This case is equivalent to the
AND/OR rule. On the other hand, when δi or εi is �(|Ni| −
1/2)� − 1, it implies that the majority of BSs, including itself,
report the same sensing result. This case is equivalent to the
majority rule. For example, when Ni = 6, the maximum of δi

or εi is 2, because three BSs, including the BS at the center,
report different results from the other four neighboring BSs.
When Ni = 7, the total number of BSs is 8, including the BS at
the center; therefore, the majority is 5, which means that δi or
εi should be 2, excluding the centered BS.

In summary, when regional correlation is used, we can
express the final decision as follows:

1: PU occupied is declared, if
∑
j∈Ni

Xj − |Ni| + εi ≥ 0

2: Completely PU-free is declared, if
∑
j∈Ni

Xj = 0

3: Otherwise, partially PU-free is declared.

In this paper, we simply assume that a decision of each
neighboring BS has the same quality. Their locations can dif-
ferently be quantified for the final decision, which would be an
interesting issue to explore.

V. CHANNEL ALLOCATION

A. Problem Formulation

In our network model, we have the following two sets of
channels: 1) the original set of channels F that are licensed
to this system and 2) the set of channels G that are available
through our CR enabler. Then, the question is how we can
allocate these two sets of channels to mobile end users in
each cell.

To answer this question, we need to understand the intrinsic
nature of carrier frequency. A radio spectrum is known to
propagate with a diffraction effect, and the propagation distance
becomes shorter as the carrier frequency becomes higher in the
same environment. Therefore, the path loss of TV bands around
several hundred megahertz is lower than cellular bands around
2 GHz (3G) or 2.3 or 3.5 GHz (WiMAX). The characteristics
of various spectrum bands have been verified through field
tests; for example, see the Okumura–Hata model [30]. Cellular
systems are also known to suffer more path loss, and the path-
loss exponent lies between 3 and 5, whereas it is found to lie
between 2.0 and 3.3 in very high frequency (VHF)/UHF bands
[31], [32].

In allocating channels of different carrier frequencies to users
(i.e., MTs), we first want to maximize the cell capacity, which is
equivalent to the throughput maximization, when the bandwidth
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is evenly distributed to users. The strategy of maximizing the
cell capacity is expressed as follows:

Objective I : max
∑

k

Ck

subject toλ1 = λ2 = · · · (3)

where Ck is the average capacity per unit bandwidth of user k,
and λk is the fraction of the total bandwidth that is allocated to
user k.

In addition, we can consider other objectives such as
max–min allocation as follows:

Objective II : max min
k

Ck

subject toλ1 = λ2 = · · · . (4)

For our analysis, we define several symbols as follows.

• L : the number of licensed channels;
• V : the number of TV channels that are declared to be

PU-free in the cell;
• fi : a licensed channel frequency (i = 1, 2, . . . , L);
• gj : a TV channel frequency (j = 1, 2, . . . , V );
• λk(fi) : fraction of bandwidth that is used by a licensed

frequency fi;
• λk(gj) : fraction of bandwidth that is used by a TV

frequency gj .

Note that λk =
∑

i λk(fi) +
∑

j λk(gj). Furthermore, we
define

βk =
∑

i=1,2,...,L

λk(fi). (5)

The sum of all the fractions of bandwidth should be 1,
i.e.,

∑
i=1,2,...,L λk(fi) +

∑
j=1,2,...,V λk(gj) = 1; therefore,

we obtain

1 − βk =
∑

j=1,2,...,V

λk(gj). (6)

Then, Ck is written as

Ck =
∑

i=1,2,...,L

λk(fi)Ck(fi) +
∑

j=1,2,...,V

λk(gj)Ck(gj) (7)

where Ck(fi) and Ck(gj) represent user k’s capacities, each
achievable at frequencies fi and gj . Here, user k’s capacity at
channel x is expressed by the Shannon capacity as

Ck(x) = log (1 + SNRk(x)) . (8)

In particular, the signal-to-noise ratio (SNR) that is measured
at gj may include interference Ip from a PU. For the operation
of a CR network, FCC imposes an SNR requirement when the
signal is measured from a PU. For example, no PU is assumed
present if the SNR is less than −116 dBm for digital television
(DTV) signal detection [6]. This threshold is even less than the
typical noise level N = −96 dBm; therefore, we can assume
Ip + N ≈ N on gj in PU-free areas, and henceforth, Ip will
not be considered.

The noise may include adjacent channel interference, par-
ticularly for TV channels, when an adjacent channel is used.
This problem is solved by vacating both adjacent channels [6];
therefore, we do not consider adjacent channel interference.

Now, the noise in an SNR consists of intercell interference
and background noise. We consider the following two cases.

• Case 1. For PU-free cells for a certain TV channel gj ,
the sum of the intercell interference is greater than the
background noise and is dominant in determining an SNR.

• Case 2. The background noise is greater than the sum of
the intercell interference and is dominant in determining
an SNR.

To derive a solution for channel allocation, we make the
following assumptions. Because the frequency band of any
licensed channel is always greater than the frequency band of
any TV channel, it is written as follows.

Assumption 1: fi >gj , ∀i=1,2,. . . ,L and j =1,2,. . . ,V .
Assumption 2: In our network model, each cell utilizes all

available channels, i.e., every cell that declares gj to be PU-free
uses gj and f1, f2, . . . , fL. In particular, when gj is completely
PU-free, the set of neighboring cells Ni of this channel is the
same as in the other frequency fi’s. To support these channels,
a BS in our system should be equipped with two transmitters,
each for fi and gj .

For theoretical tractability, we do not consider power control
for each channel.

Assumption 3: The transmit power over each of f1, f2,
. . . , fL or gj is fixed for all cells. However, the transmit power
at fi may be different from (will be greater than) the transmit
power at gj .

B. Channel-Allocation Solution

In case 1, where intercell interference is dominant compared
to background noise, users achieve lower capacity when access-
ing a TV channel, as stated in the following theorem.

Theorem 1: In case 1, under Assumptions 1–3, each user
achieves higher capacity if he/she only accesses a licensed
channel and not a TV channel that is completely PU-free.
In the case of (5), βk = 1.

The proof is given in Appendix A.
On the contrary, in case 2, where the background noise is

greater than the intercell interference or there is a single cell,
users will achieve higher capacity if they access only a TV
channel and the transmit power over all channels is the same.
This case is easily predictable, because TV channels are less
attenuated due to the nature of low carrier frequency. This
condition is stated in the following corollary.

Corollary 1: In case 2, under Assumptions 1–3, with the
same transmit power, each user achieves higher capacity if it
only accesses a TV channel and not a licensed channel. In the
case of (5), βk = 0.

In case 1, all the users will want to access f1, f2, . . . , fL to
achieve high capacity, and in case 2 (same transmit power), all
the users will want to access g1, g2, . . . , gV to achieve high
capacity. For fair distribution of bandwidth of fi’s and gj’s,
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some users may have to be assigned βk < 1 in case 1 and
βk > 0 in case 2.

Our solution to the maximization problem Objective I is
given as follows.

Theorem 2: Under Assumptions 1–3, when users in a cell are
sorted such that d1 > d2 > · · · > dK , where dk is the distance
between user k and the BS, the maximization of cell capacity
is achieved by dividing users into two groups. In one group,
βk = 0 for k = 1, . . . , κ − 1, and in the other group, βk = 1
for k = κ + 1, . . . , K (κ may belong to either group or both).

The proof is given in Appendix B. This theorem states that
low-carrier-frequency channels such as TV bands should be
allocated to users who are far away from the BS. In reality,
cells have different sizes and shapes, and the distance from
the BS is estimated by the SNR rather than the geographical
distance. Therefore, dk should be interpreted as the effective
distance measured by their SNR.

Based on Theorems 1 and 2, we can easily derive the solution
to Objective II, which is exactly reversed to Objective I. For
example, if there are two users with d1 > d2 and two channels
fi and gj , users 1 and 2 should be assigned fi and gj , respec-
tively, to meet Objective II. This proof is similarly given as in
the aforementioned theorem; therefore, we omit it.

Corollary 2: Under Assumptions 1–3, when users in a cell
are sorted such that d1 > d2 > · · · > dK , where dk is the
distance between user k and the BS, Objective II is achieved
by dividing users into two groups. In one group, βk = 1 for
k = 1, . . . , κ − 1, and in the other group, βk = 0 for k = κ +
1, . . . , K (κ may belong to either group or both).

Note that Theorem 1 may not hold for partially PU-free
cells, because some neighboring cells do not use gj , and thus,
certain users may achieve higher capacity at gj than at a
licensed channel. However, the number of such users is small,
because most of the users who are allowed to transmit at gj

in a partially PU-free cell are not located near a neighboring
BS that is declared to be PU occupied. Therefore, Theorem 2
can be effective for partially PU-free cells, and this case is
verified through simulation in Section VI. In partial-PU free
areas, an empty TV channel should carefully be accessed to
avoid interfering with any PUs. This issue will be discussed
next.

C. Boundary Condition

In IEEE 802.22-WRAN systems, the transmit power of BSs
may go up to 100 W, but CPE uses 4 W; therefore, the transmit
power of BSs will be set between 4 and 100 W [33]. In our
system model, each BS and MTs may consume less transmit
power, because the coverage of cellular systems is much smaller
than WRAN systems. Let Rwran and Rcell be the radius of
a BS in WRAN and cellular systems, respectively. We can
set transmit power ps over gj such that a cell-edge user at
distance Rcell in our system senses the receive power not
greater than a cell-edge user at distance Rwran in the WRAN
system as

psR
−αs

cell c ≤ pwranR−αs
wranc (9)

Fig. 3. Scenario of interference to a potential PU in boundary cells.

TABLE III
PARAMETERS FOR EVALUATION

Fig. 4. Number of BSs with misdetections or false alarms as a function of L.

where pwran represents the transmit power of WRAN systems,
c, a path loss constant, and αs, a path-loss exponent over gj .
For example, when αs = 2.5, Rwran = 33 km, Rcell = 3 km,
and pwran = 40 W, assuming that the antenna efficiency is
the same for both cases, ps is at most 100 mW. This value is
even much less than 4 W, which is the transmit power of CPE
in WRANs.

Because the value of ps will affect the performance of a PU, it
should be determined by considering how much a PU (possibly
a PU receiver) beyond any PU-free area may be interfered with
by PU-free cells. One example of such a scenario is shown
in Fig. 3, where BSs 1 and 2 are partially PU-free, and there
is a PU receiver v in the PU-occupied cell of BS 3, which is
a neighbor to BSs 1 and 2. We found that less interference
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TABLE IV
PROBABILITY OF MISDETECTIONS OR FALSE ALARMS WHEN REGIONAL CORRELATION IS USED

is generated by PU-free BSs in our network model than by a
WRAN BS if the following condition is met:

ps ≤ 1
n

pwran

(
Rwran

Rcell

)−αs

(10)

where n is the number of neighboring partially PU-free BSs
seen by a PU (n is 2 in the case in Fig. 3), and hence, the
aggregated receive power in the worst case is npsR

−αs

cell . BSs in
a partially PU-free area, e.g., BSs 1 and 2 in Fig. 3, are probably
the main interferer to a PU v, because a certain MT u, even
if it is closer to the PU (but is located in a cell-interior area),
will use much less transmit power for uplink than downlink
transmissions. Accordingly, we prove the downlink case in the
following theorem.

Theorem 3: When the condition of transmit power satis-
fies (10) with Assumptions 1–3, PU-free BSs in our model
cause less interference to PUs beyond a PU-free area than a
WRAN BS.

The proof is given in Appendix C.

VI. NUMERICAL EVALUATION

We conducted simulation experiments to evaluate the col-
laborative sensing based on cell topology and the proposed
channel-allocation strategy. For a channel model, path-loss
exponents are set to 2.5 and 3.5 for TV and cellular bands,
respectively, and hexagonal BSs with a radius of 3 km are
placed in an area of 200 km × 200 km. A TV transmitter
is located at a point of the quadrangle area. The boundary of
TV transmission is observed between 150 and 200 km from
the TV transmitter. TV receivers will be located within this
boundary, where this channel is not used for the cellular system.
We do not show results in the case of other path-loss exponents
or various cell radii, because the results shown here represent
general performance. We also considered lognormal shadowing
with 0 mean and 6 dB of deviation. We only use 40 W for a
TV transmit power, because the other case of 20 W causes less
interference to our system. The parameters that are used for our
evaluation are listed in Table III.

A. Evaluation of Collaborative Sensing Based
on Cell Topology

When there is no shadowing effect, the number of completely
and partially PU-free BSs is 303 and 57, respectively, of a total
of 1235. When the shadowing (slow-fading) effect makes the
channel condition fluctuate, it is difficult for boundary BSs
to determine whether there is a PU. The fading effect is re-
moved, although not completely, by averaging several (e.g., L)

samples.7 As L increases, detecting a PU becomes reliable, i.e.,
the number of false alarms or misdetections decreases. This
result is confirmed in Fig. 4. When the frame length is 20 ms
and L is 100, we need sampling for 2 s, which is the same as
the channel detection time, according to the FCC’s regulatory
guideline for the 5-GHz band [34]. Hence, in practice, it is hard
to make L longer, and we thus set L = 100 as the default.

The result of the regional correlation is presented in Table IV.
Because the number of neighboring BSs is six, i.e., |N| = 6,
the range of δ and ε is between 0 and 2 according to (2). We
also conducted simulation experiments for δ = ε = 3, but the
experiments did not yield any reasonable performance, because
too many BSs unnecessarily reverse their decisions. When
δ = 0, the probability of producing a misdetection is less than
2%, and the probability that BSs reverse their decisions due to
regional correlation is 0.17%. When δ = 2, i.e., the majority
rule is used, the probability that BSs reverse their decision is
1.36%, and the probability that the reversed decision is wrong
is 0.29%. As shown in Table IV, the regional correlation is
more effective for reversing misdetections than false alarms,
and the majority rule (δ = ε = 2) outperforms the AND/OR rule
(δ = ε = 0).

Furthermore, to reduce the events of misdetections and false
alarms, our solution based on regional correlation can be com-
bined with other techniques. Simply, the detection threshold
(typically −116 dBm) can be lowered, but this approach is
effective only for lowering misdetection.

B. Evaluation of Channel Allocation

We now present the performance of channel allocation for
a single completely PU-free cell when intercell interference
is generated by two-tier neighboring cells. This scenario is
found to be case 1, because the intercell interference is greater
than the background noise. Transmit powers at TV bands and
cellular bands are set to 125 mW and 20 W, respectively. The
cumulative density function (cdf) of spectral efficiencies at both
channels is depicted in Fig. 5. Overall, the cellular channel
achieves a larger spectral efficiency than the CR channel for
case 1, which confirms Theorem 1. To confirm Corollary 1 for
case 2, we also obtained the cdf of spectral efficiencies in both
channels when there is no intercell interference and the transmit
power is set to 5 W. Overall, spectral efficiencies are higher,
compared with case 1. As expected, the CR channel achieves a
larger spectral efficiency than the cellular channel.

7Although fast fading is unlikely to appear between a BS and a TV transmit-
ter, it can be averaged out in a single sensing period when the duration of the
sensing period is sufficient [29]. However, slow fading should be averaged over
multiple sensing periods. Therefore, slow fading is the primary concern here.
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Fig. 5. CDF of spectral efficiency at CR and cellular channels (case 1).

Fig. 6. Capacity at CR and cellular channels.

Theorem 1 is also verified in Fig. 6, which depicts the capac-
ity achieved at each location for the two channels. The capacity
of a cellular channel is greater than a CR channel everywhere
in the cell. In addition, the capacity of a cellular channel more
steeply decreases than a CR channel as the distance from the
BS increases. This case confirms Theorem 2, because for any
two locations 1 and 2, C2,o − C2,s is greater than C1,o − C1,s,
as proven in Appendix B.

The capacity sum is shown in Fig. 7 for cases 1 and 2, re-
spectively. In this experiment, 20 users are randomly generated
in a cell, and a half of these users are assigned a CR channel,
whereas the other users are assigned a cellular channel over a
downlink. The total capacity is averaged over 10 000 experi-
ments. Objective I achieves the highest capacity sum compared
with the other two schemes. In the Random scheme, half of the
users are randomly selected to be assigned a CR channel. In the
Objective II scheme, channel allocation is exactly opposite to
the proposed allocation, i.e., users near the BS are assigned a

Fig. 7. Capacity sum in a completely and a partially PU-free cell for three
channel-allocation schemes (case 1).

Fig. 8. Minimum capacity for three channel-allocation schemes (case 1).

CR channel, and users far from the BS are assigned a cellular
channel. Fig. 8 shows that the minimum capacity is maximized
in the Objective II scheme. We conducted the same experiment
for a partially PU-free cell, where only four neighboring BSs
are PU-free. Our results show that the two channel-allocation
objectives work well for this partially PU-free cell. The overall
capacity sum is slightly larger than in a completely PU-free
cell, because the number of neighboring cells as interferers is
reduced in the partially PU-free case.

Finally, in Fig. 9, we plot the amount of interference to a
PU beyond a partially PU-free cell due to the channel usage in
PU-free areas. The amount of interference is compared to the
interference generated by a WRAN BS. According to (10), ps

is 125 mW when pwran is 100 W. Fig. 9 confirms Theorem 3,
because the amount of aggregated interference that is generated
by the partially PU-free BS at (0,0) and the other BSs at
(x, y) for x < 0 and y < 0 is less than the interference that is
generated by a WRAN BS that is located 30 km away from
the partially PU-free BS. It is also smaller than the interference
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Fig. 9. Interference to a PU in the area beyond a partially PU-free cell.

that is generated by a WRAN CPE that is located at (0,0) with
a transmit power of 4 W.

VII. CONCLUSION

To increase the throughput of cellular systems that evolve
toward 4G, we have proposed a new way of integrating a CR
system with an existing cellular network, thus overcoming the
scarcity of radio spectrum. We have also proposed to augment
the function of BSs to perform collaborative sensing. Using the
proposed collaborative sensing mechanism, cells can be catego-
rized as PU-free or PU occupied for each channel. The cellular
system can therefore access an unused TV band and the original
licensed band. An unused TV band should be allocated to
cell-edge users rather than cell-interior users, and this way, the
cell capacity is maximized. The proposed sensing mechanism
can be extended for spectrum access from multiple secondary
cells, the investigation of which is part of our future work.

APPENDIX A
PROOF OF THEOREM 1

In downlink, an SNR of user k and channel x at cell i is
expressed as

SNRk,i(x) =
pxd−α

k,i c

N +
∑

j∈Ni
pxd−α

k,jc
(11)

where px is the transmit power, N is the background noise,
and dk,i represent the distance between user k and BS i (or
interfering user i in the neighboring cell in case of uplink).
Because N is negligible compared with intercell interference,
we can rewrite (11) as

1
SNRk,i(x)

=
∑
j∈Ni

(
dk,j

dk,i

)−α

. (12)

In general, (dk,j/dk,i) > 1, because the distance between
a certain user and its serving BS is less than the distance
between the user and its neighboring BS.8 As α increases,
1/SNRk,i(x) decreases, which causes the Shannon capacity to
increase. Therefore, each user achieves higher capacity when
the channel is more attenuated by path loss. �

APPENDIX B
PROOF OF THEOREM 2

First, we consider case 1, where the intercell interference
is greater than the background noise. Assume that channels
are optimally allocated to users and two users 1 and 2 in cell
i (d1,i > d2,i) are assigned to fo and fs, respectively, each
with a path-loss exponent αo and αs (αo > αs > 1). In the
following proof, downlink is only considered, because this
proof also holds for uplink if neighboring BSs are replaced
by MTs in neighboring cells and the network information,
as shown in Table I, is distributed to MTs. We will prove it
by showing that this two-user case (case A in the following
discussion) contradicts the objective of the maximization of cell
capacity. We compare the following two cases and find the case
that maximizes the sum of capacities.

• Case A. fo is allocated to user 1, and fs is allocated to
user 2, yielding C1,o + C2,s.

• Case B. fs is allocated to user 1, and fo is allocated to
user 2, yielding C1,s + C2,o.

This condition is equivalent to comparing C1,o − C1,s and
C2,o − C2,s. Because each capacity is determined by the SNR
as in (12), we can compare

1 + 1
/ ∑

j∈Ni

(
d1,j

d1,i

)−αo

1 + 1
/ ∑

j∈Ni

(
d1,j

d1,i

)−αs
and

1 + 1
/ ∑

j∈Ni

(
d2,j

d2,i

)−αo

1 + 1
/ ∑

j∈Ni

(
d2,j

d2,i

)−αs
.

(13)

For simplicity, we assume that two users see the same neigh-
boring BSs, which dominantly interfere, and hereafter, N only
includes such dominant neighboring BSs. The distance from
neighboring cells that dominantly interfere becomes shorter
as the distance from the serving BS becomes longer. Because
d1,i > d2,i, we obtain d1,j < d2,j for such a neighboring BS
j. Therefore, d1,j/d1,i < d2,j/d2,i. Representing these ratios

of distances as yj
∆= dk,j/dk,i, we can generalize each term

in (13) as

g(y1, · · ·) =
1 + 1/

∑
j∈Ni

y−αo
j

1 + 1/
∑

j∈Ni
y−αs

j

. (14)

Because αo > αs, the denominator more quickly increases
than the numerator when all yj’s increase. When we choose the
biggest yj in (14), i.e., BS j, which dominantly interferes, we
can simply conclude that the latter term in (13) is higher, which
means that case B will achieve a higher sum of capacities.

8Some cell-edge users, before carrying out a handoff, may experience
(dk,j/dk,i) < 1. In this case, the user may achieve higher capacity when
accessing a TV channel rather than a licensed channel, which is contrary to
this theorem. However, accessing a TV channel for such users still contributes
to the maximization of cell capacity, which is consistent with Theorem 2.
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Therefore, a low carrier frequency should be allocated to users
who are located farther from the BS to maximize the cell
capacity.

For case 2, where the background noise is greater than the
intercell interference, (11) is simply written as follows:

SNRk,i(x) =
pxd−α

k,i c

N
. (15)

By applying the aforementioned two-user case, we can simi-
larly prove that case B achieves a higher sum of capacities. �

APPENDIX C
PROOF OF THEOREM 3

We compare the following two scenarios: 1) in WRAN
systems, a WRAN BS interferes and 2) in our system model,
n partially PU-free BSs interfere with a potential PU. Assume
that a PU exists at the same location with distance r from the
cell boundary of WRAN and our systems. The distance between
each BS and the PU is approximately Rcell + r and Rwran + r
in each scenario. Then, we want to prove that the aggre-
gated interference from the partially PU-free BSs in the worst
case nps(Rcell + r)−αsc is less than the interference from
the WRAN BS, i.e., nps(Rcell + r)−αsc < pwran(Rwran +
r)−αsc. Based on (10), we derive

nps(Rcell + r)−αs

pwran(Rwran + r)−αs
≤

(
Rwran

Rcell

)−αs
(

Rcell + r

Rwran + r

)−αs

=
(

1 + r/Rcell

1 + r/Rwran

)−αs

< 1 (16)

where the last inequality holds, because Rcell < Rwran. �
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