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Abstract Efficient resource allocation is one of the key concerns of implementing cognitive
radio networks. Game theory has been extensively used to study the strategic interactions
between primary and secondary users for effective resource allocation. The concept of spec-
trum trading has introduced a new direction for the coexistence of primary and secondary
users through economic benefits to primary users. The use of price theory and market theory
from economics has played a vital role to facilitate economic models for spectrum trading.
So, it is important to understand the feasibility of using economic approaches as well as to
realize the technical challenges associated with them for implementation of cognitive radio
networks. With this motivation, we present an extensive summary of the related work that
use economic approaches such as game theory and/or price theory/market theory to model
the behavior of primary and secondary users for spectrum sharing and discuss the associated
issues. We also propose some open directions for future research on economic aspects of
spectrum sharing in cognitive radio networks.

Keywords Cognitive radio · Resource allocation · Spectrum trading ·
Spectrum sharing · Game theory · Price theory · Market theory

1 Introduction

Cognitive radio networks [1,9,20] have been proposed to overcome the ineffectiveness of the
traditional static spectrum assignment policy [12] and to facilitate effective use of electromag-
netic spectrum by coexisting with licensed users through spectrum sharing. The licensed users
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are called primary users and the users of the cognitive radio network are called secondary
users. To peacefully coexist with primary users, secondary users should have timely and
accurate information about the usage of primary user spectrum. There are two different
approaches for secondary users to get this information:

– Through Spectrum Sensing
In this case, secondary users perform sensing of primary user spectrum in order to detect
the vacant spectra called spectrum holes. Spectrum sensing is a crucial function for such
opportunistic spectrum access.

– Exclusive Information from Primary Users
In this case, the primary users explicitly provide information about the available spectrum
to secondary users. In this model, the primary users get monetary or some other kinds of
benefit by allowing the secondary users to use the spectrum.

In an opportunistic spectrum access scenario, there is no motivation for primary users to
participate in the spectrum sharing process because they do not get any benefit by letting
secondary users use their spectrum. In this approach, the primary users are inflexible and
the overall responsibility of maintaining peaceful coexistence with primary users is on the
secondary users, thus making the implementation aspect more complex and guaranteeing the
performance harder. On the other hand, a resource trading based approach of spectrum shar-
ing is that primary users can lease the spectrum to secondary users whenever and wherever
they are not using the particular bands which in turn gives the primary users monetary or
other benefits from secondary users.

Figure 1 shows spectrum trading and resource allocation as two different issues in cog-
nitive radio networks. Effective resource allocation is the key to efficient spectrum sharing.
Resource allocation can be in terms of frequency band, channel access time, transmission
power etc. and can be between primary users and secondary users and among secondary
users. Spectrum trading is the economic aspect of spectrum sharing in an incentive driven
framework of coexistence of primary and secondary users. In a spectrum trading scenario,
while primary users compete to sell the spectrum in order to maximize their revenue, second-
ary users compete to get the spectrum according to their needs at better price to maximize
their satisfaction. Spectrum trading can be between primary and secondary users or can be
among secondary users only.

There is a crucial need to study the competitive and cooperative strategies of users for
multiplayer optimization of the resource allocation problem. Meanwhile, understanding the
pricing issues and market structures for spectrum trading is not less important either for
practical implementation of cognitive radio networks. Thus, our motivation for this work
stems from the need to establish a framework to understand the possibilities and challenges
of using economic approaches for deploying cognitive radio networks.

Fig. 1 Spectrum sharing issues in cognitive radio networks
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Fig. 2 Solutions for spectrum
sharing in cognitive radio
networks

Different approaches that have been used to model the strategic interactions for spectrum
sharing are shown in Fig. 2. Game theory serves as a powerful tool in order to model the
strategic behavior of primary and secondary users for their coexistence. The economic mod-
els include principles such as setting the price of the spectrum available aimed to maximize
revenue of the primary users, choosing the best seller for the spectrum in order to maximize
the satisfaction from the usage of the spectrum for secondary users, modeling market compe-
tition etc. Therefore, many of the existing literature on modeling the economic interactions
in wireless networks use a combination of game theory, price theory and market structure.

The rest of the paper is organized as following. Different kinds of games that can be
applicable to model economic interactions and decision making in cognitive radio networks
and an overview of the related work are described in Sect. 2 along with the associated chal-
lenges. Price theory and market principles to model the trading activities in cognitive radio
networks, related work and the corresponding research challenges are discussed in Sect. 3.
An overview of the work using a combination of game theory, price theory and market theory
is presented in Sect. 4. Section 5 shows the classification of the related work based on the
issues and solutions. Open problems for future research are introduced in Sect. 6. Section 7
concludes the paper.

2 Game Theory

Game theory is the study of conflict and cooperation among individuals, groups or firms. It
provides an analytical framework with a set of mathematical tools for the analysis of inter-
active decision-making processes. It is a multi-player optimization approach and the concept
applies whenever the actions of several players are interdependent.

A game is formed by three fundamental components: a set of players, a set of strategies
and a set of payoffs for given set of actions. A player is the one that makes decisions in the
game. A strategy is a complete contingent plan, or a decision rule that defines an action that
a player will select in every distinguishable state of the game. Payoff is the revenue or satis-
faction of the player for a given strategy. Payoff is often expressed through utility functions.
Game theory combined with market principles and price theory serves as a strong ground for
modeling the economic activities of cognitive radio networks for spectrum sharing.

2.1 Cooperative and Non-cooperative Games

Games can be classified into different categories based on different criteria. A common
approach is to classify games as cooperative and non-cooperative games.
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2.1.1 Cooperative Game

In a cooperative game, there is no competition between players in a group and they act as
a single entity to maximize the total group utility. An example is a bargaining game, which
is often used to formulate the interaction among cooperative players provided that a player
can influence the action of other players. In a bargaining game, the players can negotiate and
bargain with each other. A general solution of the bargaining game is the Nash bargaining
solution, which can ensure efficiency as well as fairness among the players.

2.1.2 Non-Cooperative Game

A non-cooperative game is the one in which players are selfish and each individual player
makes decisions independently. In a non-cooperative environment, players have different
(often conflicting) interests. Non-cooperative game theoretical framework is used to obtain
an equilibrium solution that optimizes the payoff of all players. One of the most widely used
solutions for non-cooperative games is the Nash equilibrium. Nash equilibrium is the solution
at which any player in the game cannot achieve a better solution by deviating unilaterally,
given the actions of the other players.

2.2 Different Game Models

Some game models that have been used extensively for analyzing the strategic interactions
among users for spectrum sharing are as following.

2.2.1 Stackelberg Game

The Stackelberg leadership model [5] is a strategic game in which there is at least one player
defined as the leader who can make the decision and commit the strategy on the price before
other players who are defined as followers. The players engage in Stackelberg competition
if one has some kind of incentive to move first. The strategy chosen by the leader can be
observed by the followers, and the followers can adapt their decisions accordingly. The leader
can choose a strategy such that its profit is maximized, given that the followers will choose
their best responses. This solution is called the Stackelberg equilibrium.

2.2.2 Bertrand Game

In a Bertrand game [5], there are a finite number of firms that decide on the service prices
simultaneously. Given the price offered by a service provider, based on a demand function,
the amount of commodity requested from the users can be determined. Then, the profit is
computed and used in a profit maximization problem for a service provider to obtain the best
response in terms of setting the service price. For a spectrum trading scenario, the service
providers are the primary users, the consumers are the secondary users and the size of the
spectrum will change according to the price set by the primary users. When the service pro-
viders offer their prices simultaneously (i.e. imperfect information), Nash equilibrium is the
solution. The interaction in Stackelberg game is more dynamic due to the timing in strat-
egy adaptation compared to the Bertrand model. If the assumption of perfect information is
released and all firms decide their service prices simultaneously, Stackelberg model reduces
to Bertrand model.
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2.2.3 Cournot Game

In Cournot game [5], the competition is in terms of the quantity of the commodity. The
decision of each user is affected by the strategies of other users and the decisions are made
simultaneously.

2.2.4 Coalition Game

Cooperative game theory provides analytical tools to study the behavior of rational players
when they collaborate. The group of cooperating players that can strengthen the players’
position in the game, is called a coalition, and all players forming a coalition act as a single
entity. Based on application oriented approach, coalitional games can be classified into three
categories [31]: canonical (coalitional) games, coalition formation games and coalitional
graph games. In canonical games, no group of players can do worse by joining a coalition
than by acting non-cooperatively. In coalition formation games, forming a coalition brings
advantage to its members but the gains are limited by a cost for forming the coalition. In coa-
litional graph games, the coalitional game is in graph form and the interconnection between
the players strongly affects the characteristics as well as the outcome of the game.

2.2.5 Game with Learning

In a competitive resource market, the information available may be incomplete and/or imper-
fect. In such cases, the players have to evolve and learn the behavior of other players from
history. Such evolutionary games are often called games with learning and are closely related
to the concept of “repetition” in games (described next). If the games are “repeated”, players
can learn and adapt their behaviors and strategies in subsequent rounds of the game.

2.2.6 Repeated Games

A repeated game [5] is an important tool in order to understand the concepts of reputation
and punishment in game theory. A repeated game allows a strategy to be contingent on the
past moves, thus allowing threats and promises about future behavior to influence current
behavior, which create possibilities for cooperation among greedy users. If a greedy user
behaves selfishly and chooses the strategy to optimize his/her individual payoff, it can enjoy
the benefit in one round. However, if this user has to depend on others as well for future
rounds of the game, it will be punished by them. Players must therefore consider the effects
that their chosen strategy in any round of the game will have on opponents’ strategies in
subsequent rounds.

2.3 Applications of Game Theory in Spectrum Sharing

Game formulations can be used for multiplayer optimization to achieve individual optimal
solution for resource allocation. The use of game theoretic models for resource allocation has
mainly focused on issues such as admission control, throughput optimization, power control,
channel allocation etc. Table 1 summarizes the related work on the use of game theory for
resource allocation, in terms of the specific issue addressed, approach/model(s) used and the
solution proposed. These works are explained next.
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Table 1 Summary of related work on resource allocation using game theory

Paper Issue(s) addressed Approach/specific model(s) used Solution

[6] Power control, throughput
control

Non-cooperative, distributed
game

Nash equilibrium (Optimal
for power, optimal or
suboptimal for network
throughput)

[7] Power control, rate
adaptation, subchannel
assignment

Non-cooperative, distributed
game

Nash equilibrium
(Transmitted power)

[10] Channel/power allocation Non-cooperative/cooperative,
distributed game

Nash equilibrium (Radio
range)/ nash bargaining
solution

[33] Spectrum allocation (Channel
switching)

Non-cooperative, distributed
game (Modified minority
game)

Nash equilibrium (Channel
switching probability)

[36] Channel access time Cooperative Stackelberg
game (between primary and
secondary users),
non-cooperative payment
selection game (among
secondary users),
distributed game

Nash equilibrium (Payment
vector)

[3] Spectrum assignment Cooperative, distributed,
bargaining game

Bargaining based solution
(Spectrum usage)

[19] Channel allocation Cooperative, distributed game Correlated equilibrium
(Spectrum access)

[8] Packet forwarding Cooperative, distributed game
(Repeated coalitional game)

Min-max fairness, average
fairness and market fairness
investigated

[32] Spectrum sensing Cooperative, distributed game
(Non-transferable utility
coalitional game)

Performance compared with
non-cooperative and
centralized scheme

In [6], a game theoretical approach is proposed for distributed resource allocation in wire-
less networks. Power control at the user level and throughput control at the system level are
linked through non-cooperative games.

In [7], a distributed non-cooperative game is proposed for joint subchannel assignment,
adaptive modulation and power control for multi-cell multi-user OFDMA networks. In order
to improve the performance of Nash equilibrium points, a virtual referee is introduced in
the system that can modify the rule of the resource competition game for efficient resource
sharing.

In [10], the authors modeled the channel/power allocation for cognitive radios considering
IEEE 802.22 [13] framework. The strategic behavior of the system was studied considering
the limit on the total interference from all opportunistic transmissions for each primary user
as well as the minimum SINR requirement of the cognitive radios and a cooperative scheme
based on Nash bargaining solution was proposed for optimal channel/power allocations.

In [33], the self-coexistence of multiple overlapping IEEE 802.22 networks operated by
multiple wireless service providers that compete for resources and try to seek a spectrum
band without any interference from other coexisting IEEE 802.22 networks, was investigated
from a game theoretic perspective. The dynamic channel switching was modeled as a dis-
tributed modified minority game (MMG), in which each user has to decide whether to leave
a particular band or to continue using it when another user also appears in the same band.
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In [36], a cooperative cognitive radio framework is formulated as a Stackelberg game
where primary user acting as the leader, selects some of the secondary users to be the cooper-
ative relay, and in return, leases portion of the channel access time to them for their own data
transmission. Selected secondary transmitters, acting as the followers, can use the wireless
channel only if they cooperate with the primary link and meanwhile make a certain amount
of payment to the primary system.

In [3], the authors propose a local bargaining approach to achieve distributed conflict free
spectrum assignment adapted to network topology changes assuming that there is a collab-
oration between network nodes to improve system utility. In this paper, the authors propose
Fairness Bargaining with Feed Poverty to improve fairness in spectrum assignment and have
derived a lower bound on the spectrum assignment (poverty line) that each node can get from
bargaining.

In [19], a decentralized dynamic spectrum access scheme is proposed for cognitive radios
considering the application domain as a set of collision channels from game theoretical per-
spective. The authors proposed the use of an adaptive procedure called Regret Tracking,
which converges even when multiple users are adapting their behavior simultaneously, for
which correlated equilibrium (in terms of channel allocation) is investigated.

In [8], an approach based on coalition games is proposed for symbiotic cooperation
between boundary nodes and backbone nodes in selfish packet forwarding wireless net-
works. Different fairness criteria are investigated including market fairness. In addition, a
joint protocol is designed using both repeated games and coalition games for packet-forward-
ing and it has been shown that the network connectivity can be significantly improved using
the proposed protocol compared to using pure repeated game approach.

In [32], a distributed collaborative spectrum sensing algorithm is developed based on a
dynamic coalition formation game among secondary users to improve the overall probability
of miss detection with increase in the probability of false alarm as the cost for coalition
formation.

2.4 Research Challenges of Using Game Theory

Although, game theory is a powerful tool to model and analyze the interactions among
primary and/or secondary users for spectrum sharing, how realistic are the assumptions in
the models and how close the models are to the possible implementation of cognitive radio
networks, are yet open issues. These issues are challenging especially because of the need of
dynamic access of the spectrum and heterogeneous requirements on the quality/quantity of
the offered spectrum for different users in the network. Some of such challenges for specific
game models, are explained next.

The availability of perfect knowledge in Stackelberg model may be quite costly for distrib-
uted implementation of cognitive radio networks. How to efficiently manage the information
flow among leaders and followers in a dynamic scenario is a big challenge. Even if the infor-
mation can be made available to all players, the overhead due to this information exchange
(which increases with the number of players in the game) can not be ignored. Although, the
prices and profits of some service providers may be higher at Stackelberg equilibrium than
at Nash equilibrium [25], Bertrand/Cournot game models (thus Nash equilibrium solution)
may incur relatively less overhead for the distributed approach because of the simultaneity
of moves.

Cooperative framework is often used to model the spectrum sharing scenario in cognitive
radio networks. However, finding users with common interest to form coalitions and get them
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to act cooperatively, itself is a big issue. Even if there exist users that can be symbiotic, the
change in network topology, change in channel conditions, motivation towards cooperating
with other users etc. may cause the coalition not to be stable. Introducing incentive or mon-
etary gain based schemes can be quite expensive and inefficient due to divergence of user
interests.

The concept of repeated games provides a good direction towards counteracting the possi-
bility of collusive behavior in a network by certain selfish players and to adapt one’s strategies
accordingly. However, algorithms are necessary to effectively estimate long-term profits. In
a practical network, the overhead to maintain the database of the strategies of each player and
to update it is a huge challenge in a distributed scenario. In addition, when the game is being
played the second last time or the last time, the future profits are not meaningful. So, in such
a case, the concept of repeated games may not be effective enough. Besides, if an individual
deviates from the optimal strategy for the system for its own benefit, to find out which user it
was, is another issue. It may be possible to locate the group from which the deviating action
occurred but locating the exact player from the group may still be difficult considering the
time limitations, especially when users have the right not to disclose their strategies.

3 Price Theory and Market Theory

Price theory explains how relative prices are determined and how prices function to coor-
dinate the economic activities. For incentive/monetary gain based spectrum sharing, appro-
priate pricing schemes are necessary for setting up the price of the spectrum, formulating
economic models and maximizing the payoffs of both primary and secondary users. Pricing
is an important issue not only to maximize the revenue of the service providers but also to
prevent unnecessary competition (to reserve the resources) and to allocate the radio resource
efficiently.

3.1 Price Theory

Auction and bargaining are the popular pricing schemes for resource trading. These are
explained next.

3.1.1 Auction Theory

An auction [16] is a decentralized form of trading, widely known for providing efficient allo-
cation of scarce resources. Sellers use auctions to improve revenue by dynamically pricing
based on buyer demands. Buyers benefit since auctions assign resources to buyers who value
them the most. In a game-theoretic auction model, the action set of each player is a set of
bid functions or reservation prices. Each bid function maps the player’s value (in case of a
buyer) or cost (in case of a seller) to a bid price.

There are different kinds of auctions such as English auction, sealed first price auction,
Vickrey auction, double auction etc. English auction is the ascending price auction in which
bidders bid openly against one another, with each subsequent bid higher than the previous
bid and the highest bidder gets the commodity at his/her bid. In sealed first-price auction,
all bidders simultaneously submit sealed bids so that no bidder knows the bid of any other
participant. The highest bidder pays the price he/she submitted. Vickrey auction is the sealed
bid second-price auction, in which the bidders submit sealed bids and the highest bidder
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wins, but pays only as much as the second-highest bid. Vickrey-Clarke-Groves auction [16]
is a generalization of Vickrey auction for multiple items. When there are multiple items and
multiple buyers, double auction is often used to model the double competition.

3.1.2 Bargain Theory

Bargaining is a type of negotiation in which the buyer and the seller of a commodity or
service dispute the price that will be paid and the exact nature of the transaction that will take
place, and eventually come to an agreement. Bargaining is an alternative pricing strategy to
fixed prices. In a bargaining scenario, the buyer’s willingness to pay is dominant over the
actual price of the commodity.

3.2 Market Theory

A market is the most efficient known mechanism for the allocation of goods and services. A
market consists of sellers and buyers of a commodity or service. Appropriate pricing schemes
are necessary to maintain the stability of the market. Some of the useful concepts of market
theory used for spectrum trading are as following.

3.2.1 Monopoly, Oligopoly and Competitive Equilibrium

Monopoly is the simplest market structure when there is only one seller in the system. Since
there is a single seller in this market structure, the seller can optimize the trading to achieve
the highest profit based on the demand from buyers. In an oligopoly market structure, a small
number of firms dominate the market. The firms compete with each other independently to
achieve the highest profit by controlling the quantity or the price of the supplied commodity.
Oligopoly differs from monopoly in the sense that there are a multiple (few) firms providing
the same service, thus making it necessary for each firm to take into account the strategies
of all other firms. In a monopolistic context, the pricing is a single level of game between
users (buyers). However, when there are multiple sellers in the market for the same com-
modity, the competition between them can highly affect the results of price determination.
This competition introduces an additional level of game among the service providers. Buyers
demand less as the price of a commodity increases. On the other hand, sellers tend to produce
more as the price increases. The price at which the quantity supplied of a product/service and
the quantity of it demanded are equal, is called the market equilibrium price and when the
environment is competitive with flexible prices and many traders, the equilibrium is called
competitive equilibrium.

3.3 Applications of Price Theory and Market Theory in Spectrum Sharing

In this section, an overview of the existing work using price theory and market principles to
model economic interactions for spectrum sharing is presented (summarized in Table 2 in
terms of the specific issue addressed, structure, approach/model(s) used and the solution pro-
posed). Although price theory and market theory provide us models to address pricing issues
and market stability, to model the interdependency of the sellers and buyers in the market
and their strategic interactions, game theory is used. So, many literature use a combination
of price theory, market theory and game theory for analyzing spectrum sharing. An overview
of these works is presented in Sect. 4.
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Table 2 Summary of related work on spectrum sharing using price theory/market theory

Paper Issue(s) addressed Structure Approach/specific
model(s) used

Solution

[30] Spectrum allocation Cooperative,
centralized

Optimization
(Multi-unit
Vickrey auction)

Optimal price

[4] Spectrum access Cooperative,
centralized

Optimization Optimal price

[21] Spectrum trading Competitive
(among
secondary
users),
Distributed

Joint pricing and
marketing
theory

Pricing solution
obtained
through market
equilibrium and
disequilibrium

In [30], the problem of a CDMA operator participating in a dynamic spectrum allocation
scheme is addressed in a cooperative framework based on multi-unit Vickrey auction. A
spectrum manager implements DSA by periodically auctioning short-term spectrum licenses
and a pricing driven solution based on the willingness to pay of each user is introduced.

In [4], a framework based on an auction mechanism was presented for dynamic spec-
trum access using classical optimization approach. In the system model considered in [4],
multiple spectrum buyers submit spectrum demand function, which is based on piecewise
linear price demand (PLPD), to the spectrum owner that formulates an optimization problem
to maximize revenue under an interference constraint. The authors propose to restrict the
interference constraints and reduce them into a number that grows linearly with the number
of buyers.

In [21], a spectrum trading model based on multiple markets for different frequency bands
is proposed between the primary and secondary services. The authors have investigated two
different cases: the first one with equilibrium pricing where spectrum supply is equal to spec-
trum demand and the second one is the case where the sellers do not offer the equilibrium
price, and have proposed models for both cases using linear feedback time-invariant control
systems. Classical control system stability techniques are used to analyze the dynamics of
market behavior under both cases.

3.4 Research Challenges of Using Price Theory and Market Theory

Though price theory and market theory can be applicable to model the spectrum trading
for cognitive radio networks, the information exchange required for pricing and negotia-
tion is a big challenge. Eg. Vickrey-Clarke-Groves auction is one of the most used auctions
for resource trading. It can be used to achieve a socially optimal allocation. However, it
requires gathering global information from the users, which is a huge challenge for distrib-
uted implementation of cognitive radio networks especially when the available information
is incomplete. The communication overhead and computational complexity to gather and
manage global information in a distributed scenario may be quite costly.

To perform bargaining, users form groups and bargain with other groups. However, the
larger the groups are, the more is the complexity of bargaining due to high costs of syn-
chronization and communication overhead. So, efficient formation of bargaining groups and
effective communication between them in a distributed spectrum sharing scenario is also
another issue. In addition, the stability of the bargaining groups formed in a network with
rapidly changing topology and other underlying conditions is another issue. To dynamically
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split and merge to firm optimal coalitions in a network with only local information available,
is also a huge challenge.

The pricing theory with per unit price of the resource same for all users for any amount
of resource demanded may not produce highest revenue for the sellers. So, a discrimina-
tory pricing scheme as proposed in [4] may be better in terms of maximizing the revenue.
However, the computational complexity of this kind of scheme is yet a big issue.

4 Joint Strategy: Game Theory, Market Theory and Price Theory

While market principles and price theory are needed to model economic activities, game
theory is necessary to analyze the interdependency and strategies of the users for spectrum
sharing. So, many literature use a combination of these to investigate spectrum trading and
resource allocation in cognitive radio networks. Table 3 summarizes the related work using
joint strategy in terms of the specific issue addressed, structure, approach/model(s) used and
the solution proposed, each of which is briefly explained next.

Table 3 Summary of related work on spectrum sharing using joint strategy

Paper Issue(s) addressed Structure Specific
model(s) used

Solution

[2] Power control Non-cooperative,
distributed

Non-cooperative game,
pricing mechanism

Nash equilibrium (For
uniformly strictly
convex pricing
function)

[11] Channel access Non-cooperative,
distributed

Non-cooperative game,
SINR auction, power
auction

Nash equilibrium
(Bidding profile,
power profile)

[34] Joint power/
channel
allocation

Non-cooperative/coopera-
tive (among CR pairs),
distributed

Non-cooperative game,
pricing based
cooperation

Nash equilibrium/
Pareto optimum
boundary (power
vector)

[23] Spectrum trading Competitive (among
primary services),
centralized/distributed

Non-cooperative game,
Bertrand game, repeated
game, Oligopoly market

Nash equilibrium,
optimal spectrum
price

[22,24] Spectrum trading Competitive (among
secondary users),
centralized/distributed

Non-cooperative game,
Cournot game,
Oligopoly market

Nash equilibrium
(Spectrum size)

[25] Spectrum pricing Competitive (among
service providers),
centralized

Non-cooperative game,
Stackelberg game,
Bertrand game,
oligopoly market

Stackelberg
equilibrium, Nash
equilibrium
(Spectrum price)

[26] Spectrum trading Market equilibrium/
competitive/cooperative
(Among primary
service providers),
distributed

Non-cooperative game,
optimization, oligopoly
market

Market equilibrium,
Nash equilibrium,
optimal price

[28] Spectrum trading Competitive (among
primary users, among
secondary users),
distributed

Non-cooperative game,
(among primary users),
evolutionary game
(among secondary
users), Oligopoly
market

Nash equilibrium
(Spectrum price),
evolutionary
equilibrium
(Spectrum size)
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Table 3 Continued

Paper Issue(s) addressed Structure Specific
model(s) used

Solution

[15] Spectrum
allocation

Non-cooperative, distributed Non-cooperative game,
double auction, pricing
based allocation

Nash bargaining
solution (lower
bound on
payoff),
competitive
equilibrium
(without user
collusion)

[17] Slotted resource
allocation

Competitive (among
providers), distributed

Non-cooperative two stage
pricing game

Nash equilibrium
of the pricing
game (under
mild conditions)

[35] Spectrum
trading/access

Competitive (among primary
users),
centralized/distributed

Non-cooperative game Nash equilibrium
(spectrum price)

[14] Spectrum leasing Non-cooperative (between
primary and secondary
users)

Non-cooperative power
control game

Nash equilibrium
(Transmission
power)

[29] Joint spectrum
bidding and
pricing

Non-cooperative, centralized Non-cooperative game,
sealed-bid double auction

Nash equilibrium
(Spectrum price)

[27] Spectrum trading Non-cooperative (among TV
broadcasters), (among
WRAN users), Distributed

Non-cooperative game,
generalized fading memory
scheme, microeconomic
approach

Market
equilibrium
(Spectrum price)

In [2], the CDMA uplink power control in a multicell CDMA wireless network model
is addressed as a non-cooperative game. The game incorporates a pricing mechanism that
limits the overall interference and preserves battery energy of mobiles. The concept of outage
probability was introduced as a performance metric for the quality of the channel. Distributed
iterative power algorithms are analyzed using an outage probability based utility function for
a generalized fading channel model.

In [11], a non-cooperative game was formulated to address the problem of spectrum shar-
ing among users using spread spectrum signaling, in a distributed scenario to access the
channel subject to a constraint on the interference temperature at a measurement point and
two auction mechanisms: : SINR auction and power auction, are proposed for allocating
received power.

In [34], a joint power/channel allocation scheme is proposed using a distributed pricing
approach for cognitive radio networks and a frequency dependent power mask constraint is
introduced for secondary users in addition to maximum transmission power constraint and
minimum SINR constraint.

In [23], the issue of spectrum pricing in cognitive radio network is addressed for multiple
primary services and 1 secondary service. The trading of spectrum between primary and sec-
ondary services was modeled as an oligopoly market. A Bertrand game model was applied
for price competition among primary services to obtain the Nash equilibrium pricing. Distrib-
uted algorithms were presented to obtain the solution of the dynamic game, when primary
services have to make decisions based only on the spectrum demand from the secondary
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service. A repeated game was formulated to analyze the behavior of selfish primary opera-
tors that try to deviate from the equilibrium point to increase their profit at the cost of lower
profit to other primary operators.

In [22,24] the competition among multiple secondary users for spectrum offered by 1
primary user was modeled using Cournot game. In [24], the problem is formulated as an
oligopoly market competition and the spectrum allocation for secondary users is obtained
through non-cooperative game. The competition is in terms of the size of the spectrum they
request. A dynamic game is formulated in which the selection of strategy by the secondary
users is solely based on the pricing information obtained from the primary user.

In [25], the authors modeled service competition and pricing in a WiMAX and
WiFi based heterogeneous wireless access network using non-cooperative Stackelberg and
Bertrand game models respectively and the performance was compared for the two models.

In [26], spectrum trading for cognitive radio networks was investigated considering mul-
tiple primary services that are willing to sell the available spectrum to the secondary service.
Distributed algorithms were presented for three different pricing schemes: market equilib-
rium, competitive and cooperative pricing models and the performance of all three schemes
were compared.

In [28], the problem of spectrum trading with multiple primary users selling spectrum
opportunities to multiple secondary users is considered. The competition among primary
users is formulated as a non-cooperative game where each primary user sets the size of spec-
trum to be shared and the price of the spectrum such that its own payoff is maximized. It
is assumed that the secondary users can evolve over time to buy the spectrum opportunities
that provide the best payoff in terms of performance and price.

In [15], spectrum allocation among primary and secondary users is modeled as a bilateral
pricing process to maximize the utilities of both primary and secondary users and a distrib-
uted collusion-resistant dynamic pricing approach with optimal reserve prices was proposed
to achieve efficient spectrum allocation while combating user collusion. Double auction sce-
nario was considered for the pricing game. A belief function was introduced that builds up
certain belief of other players’ future possible strategies for each user to assist its decision
making.

In [17], the competition among providers was studied on a non-cooperative game theoretic
framework. The authors introduced a pricing model dealing with how for fixed prices, total
demand is split among providers following Wardrop’s principle and determined the existence
and uniqueness of Nash equilibrium under mild conditions.

In [35], the economic interactions are modeled considering both price of the offered
spectrum and its quality. The analysis scenario consists of multiple self interested spectrum
providers operating with different technologies and offering the spectrum at different costs
that compete with each other to get potential customers that are grouped into two catego-
ries: quality sensitive group and price sensitive group. In [35], the authors have proposed a
practical price updating strategy using structured stochastic learning for which the price is
shown to converge to the optimal equilibrium.

In [14], a game theoretic framework was developed to facilitate dynamic spectrum leasing
(DSL) in cognitive radio networks in which primary users are also included as active decision
makers in a non-cooperative game with secondary users by selecting an interference cap on
the total interference they are willing to tolerate.

In [29], the joint spectrum bidding and pricing scheme was proposed for dynamic spec-
trum access in the exclusive usage model for IEEE 802.22 based cognitive radio network.
Multiple TV broadcasters offer the available TV bands and WRAN service providers bid for
these TV bands. A sealed bid double auction scenario was considered for the procurement
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Fig. 3 Classification of related work on spectrum sharing based on resource allocation and spectrum trading

of TV bands from TV broadcasters in terms of the number of TV bands and the trading
price. After buying TV bands, multiple WRAN service providers compete with each other
to sell the spectrum to WRAN users. A non-cooperative game was formulated to model the
competitive environment for bidding and pricing strategies.

In [27] the authors have proposed a market-equilibrium based model for spectrum
trading between primary and secondary services using supply and demand functions. A
non-cooperative game is formulated between primary and secondary users where a distrib-
uted generalized fading memory algorithm is used by the secondary service to estimate
spectrum price and adjust spectrum demand accordingly so that the market equilibrium can
be reached for the price and size of the spectrum allocated for the secondary service by the
primary service.

5 Classification of Related Work Based on Issues and Solutions

In this section, we categorize the related work on modeling the economic interactions in
cognitive radio networks on three different bases as following.

Figure 3 shows the classification based on different aspects of spectrum trading and
resource allocation as described in Sect. 1. The related work on spectrum trading between pri-
mary and secondary users address competition among primary users and competition among
secondary users. While [17,23,26,35] deal with price competition among primary users/ser-
vice providers for profit maximization, [22,24] address the competition among secondary
users in terms of the size or quality of spectrum demanded. On the other hand [15,27,28]
address the competition among primary services as well as among secondary users for spec-
trum trading.

In terms of resource allocation, while [14,36] consider the coexistence between primary
service providers and secondary users, [19,33,34] explore self coexistence among secondary
users. Although both [14,36] consider the coexistence between primary and secondary sys-
tems, [36] is based on the cooperation between primary and secondary users, while in [14],
the framework is non-cooperative. The payment selection game among secondary users
in [36] however is a non-cooperative game. For self coexistence among secondary users,
while [33] proposes a non-cooperative dynamic channel switching game, [19] considers a
cooperative approach for channel allocation. On the other hand, [34] considers a non-cooper-
ative framework and a pricing based cooperative approach for self coexistence of secondary
users.

Figure 4a shows the classification based on the particular game models described in
Sect. 2. Both [25,36] use Stackelberg game model. However, while the approach consid-
ered in [36] is a cooperative framework between primary and secondary users, [25] uses
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(a) (b)

Fig. 4 Classification of related work on spectrum sharing based on solution approaches

Stackelberg game for price competition among WiMAX and WiFi service providers.
However, when all players in the game should act simultaneously, the price competition
game can be modeled using Bertrand game as in [23,25]. When the competition is not in
terms of price, but in terms of the size of the spectrum, Cournot game was applied to model
the competition among secondary users [22,24].

In a distributed scenario with incomplete information, the players have access to local
information only and they have to learn about the strategy of other players adaptively. Such
interactions can be modeled using games with learning [15,19,23,24,28,35]. In [23], when
a primary service provider has the information about the demand from secondary service but
no information about the current pricing strategy of other primary services, a non-cooperative
game with learning was used to decide its strategy based on the past strategy of other primary
services. Similar approach is applied but in case of secondary users in [24]. [28] addresses
the issue for both primary and secondary users when there are multiple primary services and
multiple secondary users. In [15], belief assisted approach (using belief function) was used
for selfish users to reduce pricing overhead. In [35], a price updating strategy was proposed
using structured stochastic learning when the sellers have no knowledge about each others’
strategy and also about the consumer population. In [19], the authors have used a learning
based game called Regret Tracking for channel allocation among cognitive radio users.

Coalitional game was used in [32] for collaborative spectrum sensing. In [8], coalition
game combined with repeated game was used to make the boundary nodes and backbone
nodes collaborate for packet forwarding. In [23], repeated games were used to prevent selfish
primary services from deviating unilaterally for individual profit that may lower the profit
for other primary services. The combination of repeated and coalitional games can be a very
effective way to introduce cooperation among network users. A bargaining game was used
in [3] in a cooperative and distributed framework for spectrum assignment. An MMG was
used in [33] in a non-cooperative framework for channel switching.

Figure 4(b) depicts the classification based on the particular models/approaches from
price theory and market structure described in section 3. In [30], VCG auction was used for
dynamic spectrum allocation in a cooperative and centralized framework. Double auction
scenario was considered in [15,29] in a non-cooperative frame- work. Bargaining game was
used in [3] in a cooperative and distributed framework for spectrum assignment. Oligopoly
market structure was considered for analyzing pricing schemes in [23–26,28]. While [21,27]
considered market equilibrium as the pricing solution, [15] used competitive equilibrium for
the case without user collusion in the network.

The applicability of particular game models or pricing schemes/market structure depends
on many factors. The selfish behavior of network users and the limited amount of information
available usually requires distributed schemes for spectrum sharing. On the other hand, the
synchronization issues and the information exchange overhead in a distributed system is a
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huge research challenge. The implementation of pricing schemes can also cause significant
communication overhead to the system. In many cases, Nash equilibriums are not efficient
and Pareto optimal solutions provide higher revenues/payoffs. However, the cost to make the
users act cooperatively in a distributed environment may be quite high, which leaves users
no other choice but Nash equilibrium. The trade off is in terms of information exchange and
computation complexity versus distributedness.

6 Open Research Problems

Some possible directions for future research in investigating the economic interactions for
spectrum sharing in cognitive radio networks are as following.

6.1 Coalition Formation and Communication Overhead

Many of the literature that propose cooperative strategies for primary/secondary users have
not considered the cost for cooperation. The cost can be the power required for negotiation,
delay because of the information exchange etc. In a practical scenario, it is not reasonable to
neglect this cost for spectrum management especially in a resource constrained network like
cognitive radio. Therefore, investigating the overhead caused by the communication to form
a coalition for cooperation for spectrum sharing can be an interesting direction for future
research.

6.2 Bidder Collusion

While the objective of primary services to participate in spectrum trading is to maximize
their revenue, the purpose of secondary services is to get the spectrum as cheap as possible
such that the required quality of service is also maintained. So, it is likely that the bidders
may attempt to lower the price of the spectrum offered by the primary services by acting
collusively. Bidder collusion [18] is probably the most serious practical threat to the revenue
of the primary users but there has not been much work on this. So, another possible direction
for future research may be to study the interactions in presence of bidders’ collusion and to
explore its effect on the payoff of primary and secondary users.

6.3 Incentive Driven Spectrum Sensing

Spectrum sensing, a crucial function for opportunistic spectrum access, requires significant
share of the network resources (energy, time etc.). So, selfish secondary users tend to take a
free ride as far as possible by overhearing the sensing results from other secondary users. To
prevent such behavior and to maintain the motivation to perform sensing, incentive or reward
driven sensing schemes can be another possible direction for further research.

6.4 Trust and Security in Collaborative Sensing

Trust and security is one of the key issues in cognitive radio networks. The presence of
malicious sensors and their possible attack against honest sensors can pose a serious threat
to the reliability of the results obtained from collaborative spectrum sensing. Investigating
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different issues such as how can malicious sensors attack the honest sensors, how to detect
them, how to counteract such attacks, the criteria that the reliability of the results obtained
from collaborative sensing can be maintained despite the presence of malicious sensors etc.
using game theory can be a very interesting research area.

6.5 Assumption of Rationality and Complete Information

Although game theory is a powerful tool for modeling resource allocation problems, it inher-
ently assumes that the players are rational and often the payoff functions of all players are
assumed to be common knowledge, which in many scenarios may not be valid. Game theory
merely suggests what strategies should be taken to maximize individual/total utility. It does
not provide much insight into the analysis of what the players are most likely to do and how
much rational the players are likely to be when the information available is incomplete or
faulty. Therefore, further study is needed to investigate the factors that may make the players
irrational and to predict the natural behavior of players in addition to the strategies that are
towards maximizing the individual or total utility.

7 Conclusion

We have described different types and models of games, price theory and market principles
that have been used to model the economic activities of primary and secondary users for
resource allocation and spectrum trading. An extensive summary of the related work on eco-
nomic approaches has been presented with the classification based on the spectrum sharing
issues and solutions. We also discussed the research challenges of using game theory and
price theory/market theory for their application in cognitive radio research. We discussed the
open research problems and proposed some interesting directions for future research about
economic approaches in cognitive radio networks.

References

1. Akyildiz, I. F. Lee, W. Y., Vuran, M. C., & Mohanty, S. (2006). Next generation/dynamic spectrum
access/cognitive radio wireless networks: A survey. Computer Networks.

2. Alpca, T., Basar, T., & Dey, S. (2006). A power control game based on outage probabilities for
multicell wireless data networks. IEEE Transactions on Wireless Communications, 5(4), 890–899.

3. Cao, L., & Zheng, H. (September, 2005). Distributed spectrum allocation via local bargaining. In
Proceedings of IEEE sensor and ad hoc communications and networks (SECON) 2005 (pp. 475–486).

4. Gandhi, S., Buragohain, C., Cao, L., Zheng, H., & Suri, S. (April, 2007). A general framework
for wireless spectrum auctions. In IEEE international symposium new frontiers in dynamic spectrum
access networks (DySPAN ’07).

5. Gibbons, R. (1992). A primer in game theory. Harvester Wheatsheaf.
6. Han, Z., & Liu, K. J. R. (2005). Non-cooperative power-control game and throughput game over

wireless networks. IEEE Transactions on Communications, 53(10), 1625–1629.
7. Han, Z., Ji, Z., & Liu, K. J. R. (2007). Non-cooperative resource competition game by virtual referee in

multi-cell OFDMA networks. IEEE Journal on Selected Areas in Communications, 25(6), 1079–1090.
8. Han, Z., & Poor, H. V. (2006). Coalition games with cooperative transmission: A cure for the

curse of boundary nodes in selfish packet-forwarding wireless networks. IEEE Transactions on
Communications, 57(1), 203–213.

9. Haykins, S. (2008). Cognitive radio: Brain-empowered wireless communications. IEEE Journal on
Selected Areas in Communications, 23(2), 201–220.

123

Jouni
HighLight

Jouni
Note
But because nodes will be made uniform(standardization), the payoffs that are assigned are unified. 



This strategy is vunerable to hacking ->hacker wins all games -> network is inefficient

Jouni
HighLight

Jouni
HighLight

Jouni
Note
In real life all games would be games of imperfect information because nodes CANNOT know everything that everybody else knows. -> Games of imperfect information.



If payoffs faulty -> equilibrium inefficient. How to detect faulty payoffs???



Rationality is valid within computers, as decisions are based on math. Inefficient outcomes are the result of faulty payoffs.  Humans are irrational.



S. Maharjan et al.

10. Hosseinabadi, G., Manshaei, H., & Hubaux, J. P. (September, 2008). Spectrum sharing games of
infrastructure-based cognitive radio networks, Technical Report LCA-REPORT-2008-027.

11. Huang, J., Berry, R. A., & Honig, M. L. (2006). Auction-based spectrum sharing. ACM Mobile
Networks and Applications J, 11(3), 405–418.

12. http://www.sharedspectrum.com.
13. http://www.ieee802.org/22/.
14. Jayaweera, S. K., & Tianming, L. (2009). Dynamic spectrum leasing in cognitive radio networks via

primary-secondary user power control games. IEEE Transactions on Wireless Communications, 8(6),
3300–3310.

15. Ji, Z., & Liu, K. J. R. (2008). Multi-stage pricing game for collusion-resistant dynamic spectrum
allocation. IEEE Journal on Selected Areas in Communications, 26(1), 182–191.

16. Krishna, V. (2002). Auction theory. London, UK: Academic Press.
17. Maille, P., & Tuffin, B. (April, 2008). Analysis of price competition in a slotted resource allocation

game. Proceedings IEEE Infocom 2008 (pp. 1561–1569).
18. Marshalla, R. C., & Marx, L. M. (2006). Bidder collusion. Journal of Economic Theory, Elsevier,

pp. 374–402.
19. Maskery, M., Krishnamurthy, V., & Zhao, Q. (2009). Decentralized dynamic spectrum access for cog-

nitive radios: Cooperative design of a non-cooperative game. IEEE Transactions on Communications,
57(2), 459–469.

20. Mitola, J. (1999). Cognitive radio for flexible mobile multimedia communications. In Proceedings of
IEEE workshop on mobile multimedia communication (pp. 3–10).

21. Niyato, D., & Hossain, E. (November, 2007a). Equilibrium and disequilibrium pricing for spectrum
trading in cognitive radio: A control theoretic approach. In Proceedings of IEEE GLOBECOM 2007.

22. Niyato, D., & Hossain, E. (March, 2007b). A game-theoretic approach to competitive spectrum sharing
in cognitive radio networks. In Proceedings of IEEE WCNC.

23. Niyato, D., & Hossain, E. (2008a). Competitive pricing for spectrum sharing in cognitive radio
networks: Dynamic game, inefficiency of nash equilibrium and collusion. IEEE Journal on Selected
Areas in Communications, 26(1), 192–202.

24. Niyato, D., & Hossain, E. (2008b). Competitive spectrum sharing in cognitive radio networks: A
dynamic game approach. IEEE Transactions on Wireless Communications, 7(7), 2651–2660.

25. Niyato, D., & Hossain, E. (2008c). Competitive pricing in heterogeneous wireless access networks:
Issues and approaches. IEEE Network, 22(6), 4–11.

26. Niyato, D., & Hossain, E. (2008d). Market-equilibrium, competitive and cooperative pricing for spec-
trum sharing in cognitive radio networks: Analysis and comparison. IEEE Transactions on Wireless
Communications, 7(11, Part 1), 4273–4283.

27. Niyato, D., & Hossain, E. (2008e). Spectrum trading in cognitive radio networks: A market-equilibrium
based approach. IEEE Wireless Communications Magazine, 15(6), 71–80.

28. Niyato, D., Hossain, E., & Han, Z. (2009a). Dynamics of multiple-seller and multiple-buyer spectrum
trading in cognitive radio networks: A game theoretic modeling approach. IEEE Transactions on
Mobile Computing, 8(8), 1009–1022.

29. Niyato, D., Hossain, E., & Han, Z. (2009b). Dynamic spectrum access in IEEE 802.22-based cognitive
wireless networks: A game theoretic model for competitive spectrum bidding and pricing. IEEE
Wireless Communications, 16(2), 16–23.

30. Rodriguez, V., Moessner, K., & Tafazolli, R. (September, 2005). Auction driven dynamic spectrum
allocation: Optimal bidding, pricing and service priorities for multi-rate, multi-class CDMA. In IEEE
PIMRC 2005 (Vol. 3, pp. 1850–1854).

31. Saad, W., Han, Z., Debbah, M., Hjrungnes, A., & Basar, T. (2009a). Coalitional game theory for
communication networks: A tutorial. IEEE Signal Processing Magazine, Special issue on Game Theory,
(to appear).

32. Saad, W., Han, Z., Debbah, M., Hjrungnes, A., & Basar, T. (2009b). Coalitional games for distributed
collaborative spectrum sensing in cognitive radio networks. Proceedings, annual IEEE conference on
computer communications, INFOCOM.

33. Sengupta, S., Chandramouli, R., Brahma, S., & Chatterjie, M. (November, 2008). A game theoretic
framework for distributed self-coexistence among IEEE 802.22 networks. In IEEE Globecom 2008.

34. Wang, F., Krunz, M., & Cui, S. (2008). Price based spectrum management in cognitive radio
networks. IEEE Journal of Selected Topics in Signal Processing, 2(1), 74–87.

35. Xing, Y., Chandramouli, R., & Cordeiro, C. M. (2007). Price dynamics in competitive agile spectrum
access markets. IEEE Journal on Selected Areas in Communication, 25(3), 613–621.

36. Zhang, J., & Zhang, Q. (May 2009). Stackelberg game for utility-based cooperative cognitive radio
networks. In MobiHoc’09.

123

http://www.sharedspectrum.com
http://www.ieee802.org/22/


Economic Approaches for Cognitive Radio Networks: A Survey

Author Biographies

Sabita Maharjan is currently doing her Ph.D. in the Department
of Informatics, University of Oslo and Simula Research Laboratory.
She received her Bachelor degree in Electronics and Communication
Engineering in 2004 from Institute of Engineering, Pulchowk Cam-
pus, Nepal and her Master degree in 2008 from Antenna and Propa-
gation Lab, Tokyo Institute of Technology, Japan. From 2004 to 2006,
she worked as a lecturer in Kantipur Engineering College, Nepal. Her
research interests are in dynamic spectrum access, game theory, cross
layer design in cognitive radio networks and sensor networks.

Yan Zhang received his Ph.D. from School of Electrical & Electron-
ics Engineering, Nanyang Technological University, Singapore. From
August 2006, he has been working with Simula Research Labora-
tory, Norway. He is a regional editor, associate editor or on the edi-
torial board of many international journals. He is currently also the
Book Series Editor for the book series on Wireless Networks and
Mobile Communications (Auerbach Publications, CRC Press, Taylor
& Francis Group) and is serving as co-editor for several books. He
has been the organizing committee chair for many international confer-
ences and is a member of Technical Program Committee for numerous
international conferences. His research interests include resource,
mobility, spectrum, data, energy and security management in wireless
networks and mobile computing. He is a member of IEEE and IEEE
ComSoc.

Stein Gjessing is a Professor in the Department of Informatics, Uni-
versity of Oslo. His original work was in the field of programming lan-
guages and programming language semantics, in particular related to
object oriented concurrent programming. He was also actively involved
in the study of computer interconnects and computer architecture for
cache coherent shared memory system, as well as DRAM architectures.
His current research interests are network resilience in IP-like net-
works and in wireless networks, including sensor and cognitive radio
networks.

123


	Economic Approaches for Cognitive Radio Networks: A Survey
	Abstract
	1 Introduction
	2 Game Theory
	2.1 Cooperative and Non-cooperative Games
	2.1.1 Cooperative Game
	2.1.2 Non-Cooperative Game

	2.2 Different Game Models
	2.2.1 Stackelberg Game
	2.2.2 Bertrand Game
	2.2.3 Cournot Game
	2.2.4 Coalition Game
	2.2.5 Game with Learning
	2.2.6 Repeated Games

	2.3 Applications of Game Theory in Spectrum Sharing
	2.4 Research Challenges of Using Game Theory

	3 Price Theory and Market Theory
	3.1 Price Theory
	3.1.1 Auction Theory
	3.1.2 Bargain Theory

	3.2 Market Theory
	3.2.1 Monopoly, Oligopoly and Competitive Equilibrium

	3.3 Applications of Price Theory and Market Theory in Spectrum Sharing
	3.4 Research Challenges of Using Price Theory and Market Theory

	4 Joint Strategy: Game Theory, Market Theory and Price Theory
	5 Classification of Related Work Based on Issues and Solutions
	6 Open Research Problems
	6.1 Coalition Formation and Communication Overhead
	6.2 Bidder Collusion
	6.3 Incentive Driven Spectrum Sensing
	6.4 Trust and Security in Collaborative Sensing
	6.5 Assumption of Rationality and Complete Information

	7 Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /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 true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /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 true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /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 <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /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
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


