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Abstract. The explosive growth of wireless services in recent years 

illustrates the growing demand for communications, so the spectrum 

becomes more congested. We know that static spectrum allocation is a 

major problem in wireless networks. Generally, these allocations lead to 

an inefficient use of spectrum. To solve the problem of congestion, 

cognitive radio networks use dynamic spectrum access. In this paper, 

we use a technique based on auctions theory known for its simplicity 

and facilitates the allocation of scarce resources. 

Keywords: Cognitive radio; multi agent systems; auctions theory; dynamic 

spectrum access. 

1   Introduction 

The Cognitive Radio (CR) is a form of wireless communication in which a 

transmitter / receiver can detect intelligently communication channels which are in 

use and those which are not and can move to unused channels. This optimizes the use 

of available radio frequency spectrum while minimizing interference with other users. 

The principle of CR requires an alternative management of spectrum: a user called 

“secondary” may at any time access to the free channels, i.e., not occupied by the 

user called “primary” who possess a license on this band. The secondary user (SU) 

will give way the channel after completing the service or if a primary user (PU) has 

shown an inclination to login. 

To make CR systems practical, CR networks must be able to coexist; this 

may cause interference to other users. To deal with this problem, the idea of 

cooperation between users to sense and share spectrum without causing interference is 

introduced. 



The cooperative resolution of problems plays a predominant role in research 

in DAI
1
 (Distributed Artificial Intelligence). A relatively complex area of research 

derived from the DAI is Multi Agent Systems (MAS). The topic MAS focuses on the 

study of collective behavior and the distribution of intelligence on autonomous agents 

able to organize themselves and interact to solve problems. 

Cooperation can be considered as an attitude adopted by agents which decide to 

work together. In the case of CR, before cooperation a step of negotiation is needed 

because there are many users who want to satisfy their needs. Negotiation plays a 

fundamental role in the cooperation activities by enabling people to resolve 

conflicts that could put in danger the cooperative behavior. 

In this paper, we start by giving an overview on MAS and then discuss their use in 

the CR. We will establish a state of the art on the use of auctions in CR networks and 

then give the network topology and the negotiation algorithms that we propose  

2 Multi Agent Systems 

2.1   Agent 

The concept of agent is used in several disciplines, so there are few 

compromises when it is question about defining the term “agent”. However, one of the 

most known definitions which is considered as one of the firsts is that of [1]: 

 

“An agent is an autonomous entity, real or abstract, which can act on itself 

and its environment, which in a multi agent environment can communicate 

with other agents, and whose behavior is the consequence of its observations, 

knowledge and interactions with other agents.” 

2.2 Multi Agent Systems 

MAS are particularly suitable for reactive and robust solutions to complex 

problems for which there is no centralized control [2] [3]. Indeed, the MAS is a group 

of agents where each agent has one or more basic skills. The goal is to make work 

together agents to solve a problem or perform a specific task. Somehow, we distribute 

intelligence; each autonomous agent has only a local vision of the problem or an 

elementary task of a job. 

 

 

 

 

                                                           
1 Unlike Artificial Intelligence (AI) which models the intelligent behavior of a single agent, the DAI is 

concerned with intelligent behaviors that result from the cooperative activity of several agents. 



2.3 When and why choose MAS? 

MAS are generally used when the problem is too complex to be solved by a 

single system because of some software or hardware limitations. In particular, if the 

component maintains multiple relationships between them. MAS are an excellent 

tool to ensure an autonomous control system in a widely distributed system and whose 

characteristics are very dynamic. 

For an effective MAS, several agents must work concurrently, which reduces the 

resolution time considering the used speed which is due to parallelism [19] [20]. 

When we need a system which must adapt dynamically when adding new 

components (these components should easily adapt when the environment undergoes 

modifications); MAS are probably the ideal solution for this kind of 

scenarios. It should be remembered that one of the most important advantages of 

MAS is their modularity that allows making programming easier, i.e. the addition 

of new agents to the MAS is not a problem which explains their scalability. 

 

The interest of the agent-based solutions lies in the complete absence of central 

entity governing the operation of agents, which ensures high strength and high 

reliability (because if an agent fails, the system continues to function). 

2.4 Interactions between agents 

One of the main properties of the agent in MAS is interacting with the other 

agents. These interactions are generally defined as any form of executed action in 

the system and which causes changing the behavior of another agent. 

An interaction is a dynamic linking of two or more agents through a set of reciprocal 

actions. The interactions are expressed from a series of actions whose 

consequences exert in return an influence on the future behavior of agents [1]. 

 

The interaction can be decomposed into three phases not necessarily sequential: 

 Information receipt  or the perception of a change, 

 Reasoning on other agents from the information acquired, 

 A transmitting messages or more actions (action plan) modifying the 

environment. 

Common types of interaction include cooperation (working together to solve a 

common goal), coordination (organizing problem solving so that harmful interactions 

are avoided or beneficial interactions are exploited); and negotiation (reaching an 

agreement acceptable to all parties involved). 

 

 



3 Multi Agent Systems and Cognitive Radio 

3.1  MAS and spectrum allocation 

The CR offers a balanced solution to the problem of spectrum congestion by giving 

first priority use to the spectrum owner, then allowing others to use the unused 

portions of the spectrum. To intelligently manage the CR resources, trading and 

cooperation algorithms resulting from the field of multi agent are to be exploited in 

order to ensure a more efficient allocation of spectrum. 

In the CR community, we often talk about cooperation between SUs and 

negotiation between PUs and SUs.  Initially we will discuss the second concept 

(negotiation) assuming that CR nodes are fixed. 

Ferber could make a typology of interaction situations through the main 

components of the interaction (goals, resources, competences). Interactions of agents 

in MAS are motivated by the interdependence of agents according to these three 

dimensions: their goals can be compatible or not; agents 

can desire resources that others have, an agent X may have the necessary capacity to an 

agent Y for the fulfillment of the action plan of Y. Table 1 summarizes the various 

possible situations. 

Table 1. Classification of interaction situations 

Goals Resources Competences Type of situation Remark 

Compatibles Sufficient Sufficient Independence Situation of 

indifference 

Compatibles Sufficient Insufficient Simple collaboration   

Situation of 

cooperation Compatibles Insufficient Sufficient Congestion 

Compatibles Insufficient Insufficient Coordinated 

collaboration 

Incompatibles Sufficient Sufficient Pure individual 

competition 

 

 
 

Situation of 

antagonism 

Incompatibles Sufficient Insufficient Pure collective 

competition 

Incompatibles Insufficient Sufficient Individual conflicts 

for resources 

Incompatibles Insufficient Insufficient Collective conflicts 

for resources 

According to Ferber, the goals are incompatibles if the satisfaction of one causes 

the dissatisfaction of the other. 

In the case of CR, SUs seek to satisfy their application by seeking a free channel 

and PUs have the opportunity to share their spectrum too. So we can say that the 

goals are compatibles because there is no contradiction between PUs and SUs goals. 



When we speak about resources, we mean the number of available channels (free 

parts of the spectrum). 

In the scenarios we will process, we assume that SUs have sufficient competences, 

which means that each agent can make the sensing alone (no need to other agents). 

Based on the classification of interaction situations (Table1), we modeled the 

scenario that will be encountered in the context of CR through a binary tree in Fig.1. 

 

Fig. 1. Binary tree modeling the interactions between agents in the case of CR 

 

In the situation of independence, there is no problem to solve regarding to the 

interaction of agents because resources and competences are sufficient. This is why we 

are particularly interested by the situation of cooperation. The goal of researches 

carried out in the field of cooperation and negotiation between agents is to achieve an 

overall state of MAS by promoting agents synergy. Thus the objective may be to 

achieve a better state, to improve the overall result while satisfying all the local results. 

When the resources used by the agents are limited and they are in a situation of 

congestion, we use most often: 

 The law of the strongest (define a priority according to the strength of the 

agent), but in the case of CR, SUs have the same goal and want to satisfy their 

need in spectrum. So setting priorities in this case, returns to favor some types of 

applications. 

 Techniques of negotiation, i.e. compromises will be established between the 

agents. Indeed, it is interesting to use this method because the installation of these 

mechanisms would make it possible to lead to acceptance by an agent to cooperate 

with other agents. In the case of CR, we must only verify whether the PU is ready to 

cooperate or not. 

Subsequently, we will use this method (negotiation) to solve the problem of 

congestion between SUs. 



3.2   Negotiation protocols 

A negotiation protocol is the set of rules which direct the interaction. This 

includes the types of allowed participants, the negotiation states, the events which pass 

from a state to another and the acceptable and valid actions from participants. In the 

literature, there are several trading protocols; Table 2 summarizes the most important 

protocols. 

Table 2. Negotiation protocols 

Negotiation protocol Description 

Contract Net Agents coordinate their activities through the establishment of 

contracts to achieve specific goals. 

Auctions theory The term “auction” means any technique of establishing a sales 

competition, which aims to determine the future owner of the 

article concerned in successive bids. 

Heuristic negotiation The agents must provide useful reactions for the proposals they 

receive, these reactions can take the form of a criticism or a 

counter-proposal (refused or modified proposal). 

Negotiation by 

argumentation 

An agent may try to persuade another agent to respond favorably 

to his proposal by looking for arguments that identify new 

opportunities, create new opportunities or changing the evaluation 

criteria. 

 

3.3   Protocol choice 

To solve the problem of congestion caused by the lack of resources, and well 

model the negotiation, a protocol must be selected among those mentioned before. We 

chose a protocol based on auctions theory because we believe that this is an ingenious 

approach to allocate resources to a set of agents. It should be understood that the 

allocation is a difficult problem to the extent that resources are limited compared to the 

number of requests. 

Since an auction restricts negotiating variables to a reduced number of parameters 

essentially price, this makes it easier for programmers. Finally, an auction leads to a 

mutually acceptable solution for the seller and buyers (in our case the PU and SUs), 

markets forces being the only referee of the outcome of the negotiation. 

The object of the negotiations in our scenario is the number of free channels 

proposed by the PU. Initially, we are interested only to the different methods to be used 

for negotiation between the PU and SUs. These methods will be implemented on the 

PU side. Interactions between PU and SU will be simulated later using the MAS. 

 



4 Auctions and Cognitive Radio 

4.1 Types of auctions 

Currently, there are several auction protocols, only the most frequently used are 

listed in Fig.2. below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2   Related works 

Generally, an auction consists of several stakeholders; Table. 3 describes the 

difference between traditional auctions and what corresponds to each speaker when 

applying this method to the negotiation in CR networks.  

Table 3. Difference between classical auctions and auctions in CR Networks 

Traditional auctions Auctions in CR networks 

Objects to sell Free channels 

Bidder Secondary User (SU) 

Seller Primary User (PU) 

Auctioneer Regulator 

Auctions are based on the concept of sale and purchase of goods or services. The 

main purpose of the use of auctions in CR networks is to provide motivation for SUs to 

maximize their use of spectrum. To fully utilize the spectrum, dynamic spectrum 

allocation using auctions has become a promising approach that allows users to rent 

unused channels by PUs. 

In general, the proposed solutions by the different authors working on 

auctions theory for dynamic spectrum access are based on architecture with 

infrastructure [7]. 

 In [8], the authors propose a mechanism for an efficient and equitable 

sharing of spectrum resources where we need a coordinator to manage the 

operation and model spectrum access in CR networks such repeated auction. 

Fig. 2. Organigram showing types of auctions  
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In solutions based on auctions, each channel is assigned to a single network, i.e. 

there is no notion of SU and PU in the same channel. In the literature, two possibilities 

are offered: 

 Either the regulator allocates channels to PU; they independently allocate 

unused portions of their channel for SUs [9]. 

 Either the regulator allocates the right to be SU or PU in the channel [10]. 

The method of payment is often a major problem when we want to apply 

auctions in telecommunications networks; this is why some researchers are trying to 

find adequate solutions. For example the authors in [11] use second price auctions to 

solve the problem of spectrum allocation and develop an approach which introduces 

the concept of fictive money for the payment in real time. Another interesting 

approach is proposed in [12] where the authors think that there is no concept of money 

for the auction but the price to pay is the waiting time. 

However, some researches has been done by [13] and offer a traditional approach 

based on auctions, and then they do an extension of their approach to a scenario 

that assumes that there are free unused channels. i.e. the SU will have the choice 

between paying a good QoS or access to an unused channel for free and encounter risk 

of interference with the users (if several SU operate simultaneously on these bands). 

Another way to use auctions is proposed in [14], where the authors have shown 

that in some scenarios the spectrum is used efficiently when multiple SU gain access 

to a single channel, this is what distinguish their method with the traditional 

auctions where only one user can win. 

In these solutions, user behaviors can be false, so the centralized manager can’t 

maximize the utility function of the overall network [15]. 

4.3 Proposed network topology 

Several researchers model the auction as a network with infrastructure; otherwise 

the regulator is required to conduct the sale. 

In this paper, we propose to use network architecture without infrastructure or 

what is generally called an “ad hoc network”, because this type of networks differs 

from the other forms by its ability to organize itself independently without fixed 

infrastructure. An ad hoc network consists only of a variable number of entities that 

communicate with each other directly. 

In other words, the communication will be directly done between PUs 

and SUs. Fig.3 illustrates the network topology that we used: 



 

Fig.3. Network topology (ad hoc mode) 

4.4 Scenario 

Initially, we focused our attention on a particular type of negotiation “one to many” 

i.e. there is only one PU who shares its spectrum and several SU who need to 

ensure free channels for assuring the quality of their application. Fig.4 illustrates the 

scenario that we will deal in the paper. 

 

Fig.4. Proposed scenario 

For example, in Fig.4, there are 3 SUs (SU1, SU2, SU5) who want to access to the 

free resources at PU1. However there are only 4 free resources at PU1 which is not 

sufficient to serve the needs of all SUs (1+2+2 = 5 required resources). So which of 

SU1 or SU2 or SU5 will access to the spectrum?  

To solve this kind of problem, we use dynamic spectrum access techniques, and as 

mentioned before, we’ll use auction theory to manage the spectrum. To be specific, we 

chose two types of auctions: one taking place in a single round such as First-price 



sealed-bid auctions and another one taking place in multiple rounds such as English 

auctions. 

 

4.5 Proposed algorithms 

To solve the spectrum allocation problem, we propose to use dynamic 

programming which is an algorithmic technique to optimize the 

amounts of monotonically increasing functions under constraint. This technique 

applies to optimization problems whose objective function is described as “the 

sum of monotonically increasing functions of resources.” 

We note: 

nb : the number of SUs. 

m : the number of free channels at PU. 

W : array of size nb, W[i] is the number of requested channels by SUi. 

C : array of size nb, C [i] is the proposed price for W [i] by SUi. 

The increasing monotonic function to be optimized is:   
nb-1

M ax C [i]
i=0
  

The constraint is:  
1

[ ]
0

nb
W i m

i





 

We therefore proposed and implemented the following algorithms on the PU side. 

 
4.5.1. For First-price sealed-bid auctions 

The initiator starts the auction and each participant submits a bid in an envelope or 

electronically in a single round (turn), without knowing the bids of the others. The 

participant who made the biggest bid wins the object and pays the amount of its offer. 

Fig.5. shows the algorithm we have been proposed to solve this type of auction. 

  
Fig.5. Algorithm for first-price sealed-bid auctions 



4.5.2. For English auctions 

 The initiator starts usually the auction by announcing a reservation price (the 

minimum price for which he is willing to sell the item). Each participant announces 

publicly its offer in several successive rounds. When no participant wants to increase 

his bid, the auction ends and the participant who made the biggest offer wins the 

object at its offer price. Fig.6 shows the algorithm that was used to solve this type of 

auction. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.6. Algorithm for english auctions 

 



4.6 Comparison between the two types of auctions 

We implemented both algorithms on the PU and then compared the obtained 

results knowing that we tested the two algorithms assuming that there is 10 SUs in the 

same place. 

4.6.1. Comparison in terms of running time 

 
Fig.7. Comparison between the two algorithms in terms of running time 

La Fig.7 shows that the execution time of multiple rounds auction is very large 

compared to those taking place in a single round. 

 

4.6.2. Comparison in terms of efficiency 

In our case, when we talk about efficiency, we talk about number of satisfied SUs. 

For this, we compared the two algorithms and we note that the results are the same. 

Fig.8 shows the impact of auctions on the number of satisfied SUs. We clearly see 

that whatever the number of available channels at the PU, the number of satisfied SUs 

remains the same with both methods (blue and red curves). 

We compared also the use of auction with the case where we don’t use this 

technique (PU satisfies the first received demand according to his free channels), we 

notice that the number of satisfied SUs is always higher compared to that obtained 

without auctions. 

The parameters we used are: nb = 5, C = {10,20,40,120,260} and W = {7,5,3,2,1}. 

 



 

Fig.8. Impact of auctions on the number of satisfied SUs 

To determine the number of SU that can be satisfied in a given period of time 

(1min = 60s), we made a comparison between the use of the two previous algorithms 

(single round auctions and multiple rounds auctions) with the FIFO method (First In 

First Out). 

For this comparison, we assumed that the operating time of each channel is 10s. In 

addition to the execution time and operating time, we must also know that the 

necessary time to exploit a channel (T. establishment) is 5s on average [14] [15]. 

T. required = T. execution + T. establishment + T. operating 

The dataset we used is: m = 4, nb = 4, C = {44, 94, 151, 97} and W = {3, 2, 1, 3}. 

Fig.9 shows that in 60s, 3 SUs were satisfied with the use of the two auction 

methods, however, using the FIFO method only 2 SUs were satisfied. 



 

Fig.9 : Impact of auctions on the number of satisfied SUs 

Fig.10 below shows the impact of auctions on the gains made by the PU. 

The dataset we used is: nb = 10, C (single round) = {39, 51, 160, 59, 64, 145, 177, 

53, 42, 106}, C (multiple rounds) = {286, 209, 141, 489, 3, 21, 671, 226, 622, 350} 

and {W = 3, 2, 1, 3, 2, 1, 1, 2, 3, 1}.  

 

Fig.10: Impact of auctions on the obtained gains by the PU 



We note that the use of multiple rounds auctions is more beneficial for PU because 

their earnings are much higher compared to the use of single round auctions or the use 

of the FIFO technique. 

Whatever the number of required channels, the SU offers a value for all the 

requested channels; so it's always the one who can offer the highest value who wins. 

This is what makes that the efficiency of algorithms remains the same since we satisfy 

the same number of SUs. 

However, the execution time is a very important criterion that can’t be neglected 

because we work on real-time applications, so that the response time should be 

minimal and we really can’t afford to waste time using a method which can take time.  

To maximize the gains of the PU, we have to use multiple round auctions. If we are 

interested in the number of satisfied SU, it is better to use a single round auction 

because the procedure is faster. 

 

5  Conclusion 

In the context of CR, negotiation is one of the simplest solutions to address 

congestion caused by lack of available resources for SU. We think provide broader 

view of the negotiation by treating the case where there are several PUs 

(negotiation many to many). 

Our approach has proven that it is preferable to use a single round auction 

especially if we seek to satisfy applications that require an immediate response, 

because the use of multiple rounds auctions can make us lose a few seconds since the 

procedure is slightly longer and slower. 

 

Our method has also proven that to solve the problem of spectrum congestion, we 

should use one of dynamic spectrum access techniques rather than using nothing and 

satisfy the first received request. 

In our future works, we think we can improve the reliability of wireless 

links and ensure good QoS to CR mobile terminals [16] [17] [18] by 

integrating Multi Agent Systems. 
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