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NE X T GE N E R AT I O N CO G N I T I V E CELLULAR NE T W O R K S

INTRODUCTION
The fast development of cellular communica-
tions corroborates the success of the mobile
Internet, which penetrates our daily lives by con-
necting end-user devices to the Internet with
diverse quality of service (QoS). Thanks to the
powerful computation and communication hard-
ware platforms on mobile devices, individual
users generate more data than ever before. For
example, a smartphone user generates as much
as 35 times the data of a voice-only cell phone.
The global mobile data traffic has doubled for
the past four years in a row [1].

To improve network capacity and meet the
explosively growing data demand, more frequen-
cy bands have been assigned for fourth genera-
tion (4G) cellular networks. Meanwhile, efficient
communications techniques, such as multiple-
input multiple-output (MIMO) and smart anten-
nas, have been applied, working with scheduling
schemes designed for multidimensional resource
allocation, such as orthogonal frequency-division
multiple access (OFDMA) systems, to effectively
improve network performance. Furthermore, to
accommodate more users in a serving area, fre-

quency reuse and network splitting are also intro-
duced with interference management. However,
these evolutional efforts cannot fully solve the
bandwidth shortage. Besides, in today’s ecosys-
tem of cellular networks, which comprise both
operators and users, end users are more actively
participating in the networking and resource allo-
cation to ensure their perceived QoS. For exam-
ple, to improve the communication quality in an
indoor environment, end users could deploy fem-
tocells that operate in the licensed spectrum [2].
With the launch of new mobile services, such as
e-health and personal financial services, critical
QoS, security, and privacy issues are arising for
both operators and end users [3].

Therefore, revisiting the network deployment
and resource management issues in radio access
networks and the backhaul is necessary for both
operators and end users. To improve the overall
system performance, the operators should not
only optimize the resource utilization within the
traditional domain of radio access, but also steer
the usage patterns of end users. Some new oppor-
tunities are emerging, such as offloading traffic
from macrocells to user deployed femtocells [2]
or to operator deployed WiFi networks [4]. How-
ever, under such heterogeneous network deploy-
ment, spectrum sharing becomes complicated as
multiple users attached through different network
access portals generate mutual interference.
Dynamic spectrum access in cognitive radio study
has shown the potential to further enlarge the
pool of available resources for users while reduc-
ing the access cost (e.g., sensing delay). In a lay-
ered network structure with prioritized spectrum
access, users with lower priority trace the tempo-
ral and spatial distribution of spectrum access
opportunities and adapt their transmissions to the
activities of a prioritized user group [5]. A signifi-
cant gain is expected by applying cognitive spec-
trum sharing in femtocells with efficient
coordination between the femtocells and the
macrocells for resource allocation. Until now,
only a few works have addressed this critical
issue, and the specifications of network deploy-
ment and operation are still open issues. In this
article, we propose a new framework of cognitive
cellular networks that applies cognitive radio
techniques in resource management and network
coordination of cellular networks. We first study
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ABSTRACT
Smartphone fever along with roaring mobile

traffic pose great challenges for cellular networks
to provide seamless wireless access to end users.
Operators and vendors realize that new tech-
niques are required to improve spectrum effi-
ciency to meet the ever increasing user demand.
In this article, we exploit the great opportunities
provided by cognitive radio technology in con-
ventional cellular networks. Specifically, we first
present challenging issues including interference
management, network coordination, and inter-
working between access networks in a tiered cog-
nitive cellular network with both macrocells and
small cells. Taking into consideration the differ-
ent network characteristics of macrocells and
small cells, we then propose an adaptive resource
management framework to improve spectrum
utilization efficiency and mitigate the co-channel
interference between macrocell and small cell
users. A game-theory-based approach to efficient
power control has also been provided.

DEPLOYING COGNITIVE CELLULAR NETWORKS
UNDER DYNAMIC RESOURCE MANAGEMENT
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the trends in current cellular networks that great-
ly shape the challenges and exhibit the design
potential in improving network capacity and
transmission quality. Specifically, the tiered net-
work structure, energy awareness, and security
issues are identified as the main trends. Next, we
treat the arising challenges in the trends by intro-
ducing cognitive radio techniques on the aspects
of network coexistence, dynamic spectrum access,
and coordination mechanism design under limited
bandwidth. Therefore, we propose a new frame-
work of cognitive cellular networks in which we
list three major research issues: interference man-
agement in the tiered network structure, mitiga-
tion of network bottlenecks, and coordination in
resource management. For each research issue,
we specify the features, compare the candidate
solutions, and verify the impact on system perfor-
mance. With a case study of cognitive cellular
networks, we further discuss the design of inter-
ference management in femtocell deployment
where we apply the game theory to model the
operations with heterogeneous network entities
and limited internetwork coordination capability.

TRENDS IN CELLULAR NETWORKS

In cellular networks, two methods are usually
used to meet the ever-increasing bandwidth
demands of mobile users. The first method is to
add more spectrum bands at the expense of bil-
lions of dollars. Since the spectrum resources are
inherently limited and very expensive, the opera-
tors usually turn to the second method, deploy-
ing new physical and link layer techniques, such
as MIMO, high-order modulation, and smart
antennas, to further improve the spectrum uti-
lization efficiency. However, these advanced
techniques usually have high operational com-
plexity and maintenance cost. To this end, a sim-
ple yet efficient solution is required to improve
spectrum utilization and dimension future sys-
tem design and management.

HETEROGENEOUS CELLS AND
TIERED NETWORK DEPLOYMENT

Compared to macrocell base stations, base sta-
tions of small cells have a smaller communica-
tion range with lower transmission power. Small
cells are usually deployed as complements of
macrocells with different purposes, such as to
improve network capacity in hotspots, to com-
pensate for long distance loss for users at net-
work edges, and to provide coverage in the blind
zone, as shown in Fig. 1. According to the work-
ing frequency and the deployment and control
schemes, small cells can be roughly categorized
into two types.

Out-of-band small cells: These small cells
operate in the frequency bands other than the
licensed frequency bands of macrocells, for
example, WiFi cells in the unlicensed 2.4 GHz
industrial, scientific, and medical (ISM) bands.
Out-of-band small cells are usually deployed by
end users. Nowadays, operators are interested in
deploying WiFi access to offload mobile data
from cellular cells to WiFi hotspots. Such opera-
tor-deployed WiFi networks are usually open to
their own subscribers only.

In-band small cells: These small cells operate
in the same frequency bands as the macrocells,
are usually deployed and managed by the opera-
tors, and are referred to as microcells and pico-
cells. Recently, a new type of small cell, the
femtocell, has been introduced to enhance the
indoor cellular signal with a simplified cellular
base station (BS) connected to the cellular core
network via a third party Internet cable service
[2]. Because these femtocells can be deployed by
end users, operators only have limited control
over them, which makes it challenging to miti-
gate the co-channel interference and manage the
radio network resources.

A brief summary of the specifications of small
cells is listed in Table 1. Compared to macrocells,
small cells have advantages in some usage scenar-
ios, such as capacity enhancement in hotspots,
and coverage expansion into homes and work-
places. Basically, small cells allow for flexible BS
deployment and simple transceiver design due to
the limited communication coverage. As the
radio environment becomes more and more com-
plicated, using small cells is beneficial for opera-
tors to deal with localized coverage and link
enhancement while offloading traffic from the
macrocells to femtocells or WiFi [1].

Recognizing the differences between macro-
cells and small cells, it is necessary to revisit the
network planning and management issues in a
tiered network integrating both macrocells and
small cells. First, different cells may have differ-
ent capabilities to serve users. Small cells can
provide higher throughput for local users, while
macrocells provide mobile services with reduced
link capacity for remote users. Second, it is criti-
cal to determine the cell size and number of
cells to achieve the maximum network capacity
in the serving area. Users can select the best
access cell among multiple visible cells to achieve
a high diversity gain; however, more visible cells
will cause more burden on the network coordi-
nation and energy management [6]. Last but not
the least, implementation encounters more chal-
lenges. For in-band small cells, severe co-chan-
nel interference from and into the macrocells
may degrade the performance of the whole cel-

Figure 1. Tiered framework of cognitive cellular networks.
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lular network. For out-of-band small cells oper-
ating independent of macrocells, operators may
not be able to rely on a centralized control archi-
tecture to help schedule traffic offloading from
macrocells to small cells. Distributed traffic
offloading remains an open research issue.

GREEN CELLULAR NETWORKS AND
SUSTAINABLE COMMUNICATIONS

Green radio communication networks have
attracted great attention recently as the informa-
tion and communication society realized the
necessity of achieving energy efficiency and being
environmental friendly. Operators and users are
resorting to efficient power management solu-
tions to reduce the energy consumption of BSs
and extend the battery life of mobile devices.

Although cellular networks are widely
deployed to provide ubiquitous wireless access
worldwide, some users in developing countries
have very restricted access, especially when they
roam in off-grid suburban areas where power
supplies rely on transported fuels such as diesel,
which are very expensive. To reduce the cost of
off-grid BS deployment, researchers and engi-
neers are working on the development of green
BSs, that is, BSs that are powered by sustainable
power supplies such as solar, wind, and tides [7].
Unlike traditional electricity power supply,
renewable power supply is inherently variable in
its availability and capacity, which poses great
challenges in network resource management.
Considering the dynamic characteristics of sus-
tainable energy sources in a green cellular net-
work powered by renewable energy, the
fundamental design criterion and main perfor-
mance metric should shift from energy efficiency
to energy sustainability [8]. Under such a new
green network paradigm, network planning and
resource management issues should be thor-
oughly revisited.

SECURE COMMUNICATIONS AND USER PRIVACY
In a tiered network, users can set up small cells
for offloading data that will traverse the cellular
core network to the Internet. This opens a door
for malicious attackers who can easily set up a
femtocell and eavesdrop or even change the
information traversed over the cell. Although
there are some existing attack models and analy-
sis in general computer networks, these models

do not accurately capture the openness and flex-
ibility in the spectrum access of femtocells. How
to ensure secure data transmission and preserve
user privacy in the new tiered network with
secure macrocells and open femtocells is still an
open issue.

COGNITIVE CELLULAR NETWORKS

To address the challenges brought by the trends
emerging in cellular networks, we should revisit
the research issues in network deployment and
resource management from multiple aspects. In
general, it requires flexible network deployment
methods over diverse spectral environments and
dynamic resource management schemes in het-
erogeneous networks. We propose a new frame-
work, called cognitive cellular networks, as shown
in Fig. 2. We apply the cognitive radio tech-
niques and investigate the following issues in cel-
lular networks:
• Heterogeneous network coexistence
• Spectral diversity and opportunistic access
• Adaptive interworking with constrained net-

work coordination
Specifically, a strong candidate solution in

cognitive cellular networks should first allow and
facilitate the coexistence of small cells of the
same or different types (e.g., in-band and out-of-
band) with macrocells under a spectrum access
strategy. In cognitive radio networks, the coexis-
tence problem is formulated between two inde-
pendent user groups, primary users (PUs) and
secondary users (SUs), respectively. SUs coexist
with PUs under a predefined spectrum sharing
method that specifies the visibility of nodes’
intra- and inter- user groups, priority in spec-
trum access, and conflict resolution [5]. Usually,
the spectrum sharing methods can be catego-
rized as overlay, underlay, or interweave to
agree with the requirements in different deploy-
ment scenarios. In overlay mode, for instance,
PUs actively participate in the spectrum sharing
and release some bandwidth in exchange for
SUs’ relay assistance during PUs’ transmissions
to mitigate the interference from SUs. While in
interweave mode, spectrum sensing and the
database of channel usage pattern are the prima-
ry solutions to deal with the coexistence issues
since SUs are transparent to PUs.

The second question is how to identify the
available resources for transmissions with differ-

Table 1. Specifications of different cells.

Macrocell Microcell Picocell Femtocell WiFi

Transmit
power 50 W A few watts > 200 mW 10~100 mW 100~200 mW

Range 1~5 km 300~1000 m < 200 m 20~30 m 100~200 m

Deployment Operator Operator Operator User User

Operating
bands Operator’s Operator’s Operator’s Operator’s Unlicensed

Coverage Outdoor/indoor Outdoor Outdoor/indoor Indoor Indoor

To address the 
challenges brought
by the trends 
emerging in cellular
networks, we should
revisit the research
issues in network
deployment and
resource 
management from
multiple aspects.
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ent priorities in order to improve spectrum uti-
lization efficiency. In cellular networks, users are
usually scheduled for data transmission in the
time, frequency, code, and space domains by a
central controller. In a tiered network with het-
erogeneous network environments, however, the
centralized approach may not be available or will
be costly from both the computational and com-
munication aspects. In cognitive radio networks,
the available spectrum resources have been finely
identified at different locations and times. The
transmission pairs select the spectrum access
opportunities that can satisfy the required trans-
mission qualities (e.g., length and/or bandwidth).
Also, the traffic flows are routed according to the
distribution of spectrum resources at the nodes
[5]. Introducing adaptive resource management
in cognitive cellular networks can improve the
resource utilization efficiency via making oppor-
tunistic transmission decisions based on the local
traffic and channel conditions.

It is also critical to design efficient interwork-
ing schemes for heterogeneous cells in cognitive
cellular networks. In the tiered network architec-
ture, the nodes have diverse capabilities in trans-
missions. The coordinations between end users
and cells or inter-cell greatly affect network per-
formance since mismatch of operations or inap-
propriate transmission settings would generate
severe interference. When the coordination has
constraints in the network topology and limited
bandwidth for the control panel, the case becomes
worse. For example, coordination between the
femtocell and the macrocell is limited since the
femtocell BS is indirectly connected to the cellu-
lar core network through a local Internet cable,
which prohibits the operators performing inte-
grated network operations. Distributed decision
making has been shown as a promising solution in
cognitive radio study [9]. Based on partial and/or
delayed network information (e.g., channel gains),
the distributed decision making process can be
modeled to capture the interworking between the
femtocells and the parent macrocell. To achieve
efficient spectrum sharing among a large number
of distributed users, a game theoretical approach
is usually used for resource management of het-
erogeneous cells [10].

In cognitive cellular networks, the aforemen-
tioned issues are considered on the following
aspects: interference management over the tiered
network architecture, mitigating the network bot-
tleneck for opportunistic and energy-efficient
spectral access, and coordination schemes to
optimize network utility. A good candidate solu-
tion to the dynamic resource management usual-
ly integrates the cognitive radio techniques to
optimize the performance and concerning imple-
mentation issues, as shown in Fig. 2.

INTERFERENCE MANAGEMENT IN
TIERED NETWORKS

In cognitive cellular networks, small cells are
employed to enhance the link quality and net-
work capacity. As small cells operate in the same
frequency as macrocells, severe co-interference
exists among macrocell and small cell users. As
shown in Fig. 1, mobile users served by macro-
cells may move to the edge of a cell, where they

may experience strong signals from private fem-
tocells. Similarly, the low-power transmissions in
small cells are also likely to interfere with macro-
cell users. To mitigate the co-channel interfer-
ence, some candidate approaches have been
proposed.

Spectrum splitting refers to resource alloca-
tion by assigning orthogonal resources (e.g., sub-
carriers) to transmission pairs that cause strong
interference to each other. In the tiered net-
work, the operator can split the spectrum into
subbands and assign them to neighboring small
cells to reduce the interference between neigh-
boring cells. However, such static allocation may
cause waste of spectrum and reduce the adapta-
tion to the varying traffic demands.

Power control adjusts the transmit power of
nodes in the network to secure the reception
quality at the receivers. It is a good candidate to
reduce interference in the network and encour-
age energy-efficient transmissions. However, the
central controller needs to acquire actual chan-
nel conditions and nodes’ operational parame-
ters to optimize performance, which introduces
heavy coordination cost, especially in the tiered
architecture.

Offloading tries to reduce strong interference
sources by arbitrarily handing these users over to
cells with better link quality to mitigate their
interference on neighbors. In this approach, both
link quality and resource allocation need to be
considered before the handover. The availability
of such a cell is another issue when the targeted
femtocell is closed access, for private use only.

NETWORK BOTTLENECK MITIGATION
In cognitive cellular networks, as small cells
become more likely to be deployed by users, it is
very difficult for operators to determine the
available network resources in real-time opera-
tions. In addition, the capacity of access links
(e.g., the links between the users and the femto-
cell BS) and backhaul links (e.g., the one
between the femtocell BS and its parent macro-
cell BS) may vary. The cellular downlink
throughput can achieve 100 Mb/s, while the
backhaul of a femtocell has limited capacity pro-
vided by Internet service providers, normally up

Figure 2. The study framework of cognitive cellular networks.
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to 10 Mb/s according to the data plan by region
and price. Therefore, the smaller bandwidth of
the femtocell backhaul becomes a network bot-
tleneck that limits the QoS of users. To tackle
this problem, a possible solution is to allow mul-
tipath data transmissions through different net-
work interfaces (e.g., using WiFi and cellular
networks [4]) for the throughput aggregation at
the end users.

In a communication network where the wire-
less backhaul is the bottleneck, opportunistic
data forwarding is an efficient solution for cogni-
tive cellular networks, jointly considering the for-
warding capability of femtocell BSs and the
traffic loads, as proposed in [5]. Specifically, the
femtocell BS evaluates its forwarding capability
based on the expected relay advancement in the
forwarding direction as well as the interference
in the transmission channels, which determines
the order of relay candidates along the forward-
ing path. To fight against fading in wireless
channels, the proposed forwarding scheme incor-
porates multiple nodes at each transmission so
that the successful receiver, if there is any, can
continue with the data forwarding if the nodes
with higher forwarding capability fail. Such an
opportunistic forwarding scheme adapts well to
the dynamic channel conditions, and significantly
reduces transmission failures in the backhaul.

COORDINATION IN
COGNITIVE CELLULAR NETWORKS

In cognitive cellular networks, a user senses the
channel conditions and makes the best strategy
for its own utility. The egocentricity of individual
operations may impair the whole network per-
formance when effective coordination mecha-
nisms are missing. Overall, resource management
in cognitive cellular networks can be formulated
as a network utility maximization problem.
Specifically, under a transmission strategy,
denoted by a, which specifies the operation
parameters of each node (cell selection, transmit
power, etc.), the objective is to maximize the
aggregated utility functions of all links in the
network (i.e., maxa SiŒC SjŒCi Uaj), where C is
the set of cells including all macrocells and small

cells in the network, and Ci represents the set of
active wireless access connections in cell i. Given
the other nodes’ transmissions, a–j, each node
selects its transmission strategy, aj, to best
respond to a–j (i.e., Uaj,a–j ≥  Ua¢j,a–j, " aj, a¢j Œ a,
a¢j ≠ aj). Furthermore, one candidate transmis-
sion strategy should not violate the network
coexistence rules G, which determine the maxi-
mum allowable interference in the links (i.e., Ia
£ G). The operators manipulate the decision
making of individuals from the network aspect,
such as load balance, interference management,
and security. Candidate approaches include
introducing incentive schemes [10], defining new
utility functions for players [11], and so on.

Besides the competitions in the zero-sum
game for radio resources, users and small cells
can also cooperate for channel condition moni-
toring, handover management, and relay trans-
mission. The cooperation can benefit the users
who have limited capability to acquire the neces-
sary network or channel conditions to make
decisions. No matter whether competition or
cooperation, the participating users require
knowledge of all possible moves of other players
or the required coordination information in
cooperative communication. In cognitive cellular
networks, the design of the coordination connec-
tions is critical, considering the overhead and
performance.

CASE STUDY: 
DYNAMIC RESOURCE ALLOCATION IN

TIERED CELLULAR NETWORKS
We investigate the power management problem
in a tiered network with both macrocells and
femtocells. Self-deployed femtocells may cause
severe interference with nearby macrocell users.
As shown in Fig. 3, femtocell 2 is located at the
edge of the macrocell. In the downlink, the
leaked signal from femtocell 2 to the nearby
macrocell user, UE2, may be stronger than UE2’s
received signal from the macrocell BS as UE2 is
located at the edge of the macrocell. Therefore,
femtocell 2 introduces significant interference on
UE2’s transmission. Many works on femtocells
have addressed this problem [2]. However, exist-
ing solutions mainly focus on centralized resource
management, which may not be suitable for a
tiered cognitive cellular network where a robust
distributed approach is more desirable due to the
random deployment of femtocells.

In reality, the central controller of the macro-
cell can hardly fully control the affiliated femto-
cells, because these femtocells may not follow
the scheduling information but prefer to aggres-
sively compete for network resources to maxi-
mize their own utility. For example, femtocell
BSs can increase their transmit power to achieve
higher throughput while causing greater interfer-
ence to neighboring users. In current cellular
networks, the central controller may not be able
to specify the violation behaviors of individual
femtocells even when the neighboring macrocell
users report the reception failure caused by such
violation. In other words, the central controller
cannot effectively eliminate the co-interference
resulting from self-deployed femtocells.

Figure 3. Interference management in cognitive cellular networks.
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To analyze the motivation and behavior of
femtocells in violation of the centralized schedul-
ing, we apply a game theory approach to study
power management, which is widely used for
resource allocation among PUs and SUs in cog-
nitive radio networks [11]. We derive the down-
link interference, and the uplink analysis can be
obtained in a similar way.

As shown in Fig. 3, a group of closed access
femtocells are located in the serving area of a
macrocell, all cells operating in the same fre-
quency band. In the macrocell, there are M
active macrocell users in the downlink, denoted
by U = {u1, u2, …, uM}. ui has a threshold Qi,
which indicates the maximum tolerable interfer-
ence level in the downlink. The macrocell users
are scheduled to transmit in non-overlapping
resource blocks so that there is no interference
among macrocell users. The active femtocells in
the downlink form a set F = {f1, f2, …, fN} with
size N. In a femtocell, the femto BS schedules
one user for transmission at a time. Therefore,
there is one active link in each femtocell at any
time. The transmit power of femtocell fj is denot-
ed by Pj. We assume that the channel gains, ai,j
of the link between ui and f j, e j,k of the link
between fj and fk, and gj of the link within fj are
known to each femtocell as well as Qi of each ui,
and the links are symmetrical.

The aggregated interference at ui should sat-
isfy P1ai,1 + P2ai,2 + … + PNai,N £ Qi; otherwise,
ui is blocked. The capacity function cj for femto-
cell fj is defined as

It is favorable for the femtocell BSs to use the
maximal transmission power to achieve the high-
est link capacity. Therefore, femtocells may like
to violate the power control strategy made by the
central controller, which may cause co-channel
interference with macrocell users. To address this
issue, we apply the randomized silencing policy
proposed in cognitive radio networks [10]. The
policy is very straightforward: if any macrocell
user ui experiences interference greater than its
limit Qi, the central controller will randomly
select one active femtocell from F and force it to
turn off in the current transmission period. Such
a silencing process continues for several rounds
until no macrocell user reports the blocked case.1

Given a power allocation strategy of femtocells,
P = {P1, P2, …, PN}, once the interference
requirement is met at each macrocell user, the
utility of the macrocell is determined. The objec-
tive of resource allocation is to find the maximum
aggregated utility of femtocells, which can be
denoted as maxP SjŒF E[cj ◊ 1j], where the function
1j = 1 if fj is not shut down after the silencing pro-
cess, and 0 otherwise. As each femtocell intends to
maximize its utility by selecting the transmission
power best responding to the transmission powers
of other nodes, a candidate P would be a power
allocation of the Nash equilibrium (NE).

Here, we present some preliminary results to
explore the NEs for the optimal value. Using the
theorems in [10], we can easily prove the orthog-
onal power allocation 

is an NE.
Moreover, we notice that a macrocell user

causes significant interference when it is closer
to some active femtocells than others. Therefore,
the femtocell needs to avoid transmission in the
resource block assigned to the nearby macrocell
user if it is detected by the femtocell.2 The fem-
tocell can learn the allocation of resource blocks
of each macrocell user by listening to the alloca-
tion message broadcasted by the macrocells at
the beginning of each transmission period. In
such case, we can also prove that the orthogonal
power allocation

is an NE where Sj is the set of macrocell users
near fj with the channel gain ai,j greater than a
predefined threshold.

To evaluate the performance of the proposed
power allocation scheme, we simulate the net-
work with Rayleigh fading channels where all ai,j
fade independently with average –a, all ej,k fade
independently with average –e , and all g j fade
independently with average –g [10]. We set M =
20 and N = 5 in the macrocell, and –a = 1 dB, –e
= 1 dB, and –g ranges from 1 to 50 dB. In each
experiment, we randomly select two femtocells
with a significant neighboring macrocell user,
i.e, –a  –g. It can be seen in Fig. 4 that the recog-
nition of the significant interference sources in
femtocells can improve the interference manage-
ment in cellular networks and achieve higher
throughput for femtocells.

Based on the discussion above, a good candi-
date solution is to integrate the considerations of
the performance requirements and the corre-
sponding techniques. Specifically, we treat the
interference management problem as the major
design objective by identifying the link interfer-
ence conditions in the macrocell and femtocells.
Meanwhile, we also take into consideration the
performance requirements of limited interwork-
ing bandwidth and efficient coordination. On
network bottleneck mitigation, regarding the
limited bandwidth from the femtocell to the core
network, we design the solution using game the-
ory to analyze the nodal behavior in favor of its
own utility. On coordination mechanism design,
we develop the random shutdown scheme as the
penalty for misbehavior that generates less con-
trol overhead while maintaining effective regula-
tion.
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1 The shutdown process is
valid in cellular networks
where macrocell users are
protected with higher pri-
ority because they have
been admitted into the
serving macrocell. When
the self deployed femto-
cells register at the cellular
operator, they are required
to yield to the priority of
macrocells if confilicts
occur.

2 It is valid in cellular net-
works because the users
measure the signal
strength from visible cells,
and the femtocell can
detect such a nearby
macrocell user through
this process, although it
may reject the user’s
access request if the user
is not a private member.

A macrocell user
causes significant

interference when it
is closer to some
active femtocells

than others. There-
fore, the femtocell

needs to avoid trans-
mission in the
resource block

assigned to the near-
by macrocell user if
it is detected by the

femtocell.
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CONCLUSION AND FUTURE RESEARCH

In this article, we have studied network deploy-
ment and resource management in a cognitive
cellular network with both macrocells and small
cells in a tiered architecture. We have discussed
the main research trends and challenging research
issues in cellular networks and proposed a frame-
work of cognitive cellular network to address the
challenges. A game-theory-based approach to
efficient power control has also been provided for
studying resource allocation in a cognitive cellular
network where femtocells are deployed.

To further improve the performance of cogni-
tive cellular networks, we can jointly consider
power control and subcarrier allocation in a
resource management framework. Some efforts on
the standardization of cellular networks are needed
to incorporate the new features, for example,
direct coordination between the femtocell and
macrocell base stations. Also, a cross-layer solution
to improve the overall network efficiency and sus-
tainability is an interesting yet challenging issue.
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Figure 4. Aggregated femtocell utility under intra-femtocell channel gains.

γ average (dB)
100

10

0

A
gg

re
ga

te
d 

fe
m

to
ce

ll 
ut

ili
ty

20

30

40

50

60

70

20 30 40 50

PAOR
PAORT

LIU LAYOUT_Layout 1  4/19/13  12:00 PM  Page 88



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Cadmus settings for Acrobat Distiller 9)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 2400
        /PresetName (Cadmus_Flattener_Presert)
        /PresetSelector /UseName
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


