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Abstract 

Cognitive small cell networks, consisting of macro-cells and small cells, are foreseen as a promising 

candidate solution to address 5G spectrum scarcity. Recently, many technological issues (such as spectrum 

sensing, spectrum sharing) related to cognitive small cell networks have been studied, but the common control 

channel (CCC) establishment problem has been ignored. CCC is an indispensable medium for control message 

exchange that could have a huge significant on transmitter-receiver handshake, channel access negotiation, 

topology change, and routing information updates, etc. Therefore, establishing CCC in cognitive small cell 

networks is a challenging problem. In this paper, we propose a potential game theory-based approach for 

CCC establishment in cognitive radio networks. We design a utility function and demonstrate that it is an exact 

potential game with a pure Nash equilibrium. To maintain the common control channel list (CCL), we develop 

a CCC update algorithm. The simulation results demonstrate that the proposed approach has good 

convergence. On the other hand, it exhibits good delay and overhead of all networks. 
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1 Introduction 

In recent years, the substantial increase in data traffic, the proliferation of devices, and the widespread 

adoption of 5G wireless communication networks have posed significant challenges for the allocation of 

spectrum resources [1]. Regrettably, certain spectrum bands experience congestion, while others remain 

underutilized. In the conventional static spectrum allocation approach, assigning spectrum to specific users or 

applications leads to increasing inefficiency, primarily due to the limited availability of spectrum resources. 

In an attempt to address this challenge, cognitive radio technology was proposed. It is defined as a smart 

radio capable of sensing the environment, learning from historical information, make intelligent decisions, and 

adjusting is operational parameters [2]. These functionalities are generally achieved by two types of users: 

licensed spectrum users (referred to primary users or PUs) and unlicensed users (commonly known as cognitive 

radio users or secondary users, SUs). SUs can opportunistically access the spectrum when the licensed 

IJASC 24-1-1 

 

Manuscript Received: January. 15, 2024 / Revised: January. 19, 2024 / Accepted: January. 30, 2024 

Corresponding Author: kubohao007@du.ac.kr 

Tel: 

Associate Professor, Dept. of Computer Software, Dong Seoul University, Korea 

 

***-****-****

http://dx.doi.org/10.7236/IJASC.2024.13.1.x


2                                        International Journal of Advanced Smart Convergence Vol.13 No.1 1-11 (2024) 

 

spectrum is unoccupied by PUS. 

Cognitive small cell networks (CSCs) have acknowledged that activating cognitive capabilities in small 

cells [3] not only improves the energy efficiency of the small cell tier but also addresses the issue of spectrum 

underutilization in heterogeneous small cells [4]. Recently, numerous technological issues related to CSCs 

have been explored, encompassing spectrum sensing [5,6], spectrum allocation [7], and spectrum sharing [8]. 

CSCs can be viewed as a cooperative cognitive radio networks, with two distinct networks operating 

simultaneously. Coordinating dynamic spectrum access effectively requires a substantial amount of control 

messaging for coordination, cooperation, and collaboration among elements. The optimization of control 

messaging is attainable by selecting an appropriate Common Control Channel (CCC). The choice of CCC 

significantly influences the performance of spectrum sensing, spectrum sharing, and spectrum allocation, 

particularly in spectrum sharing, as all decisions and actions related to spectrum sharing are distributed through 

CCC. In other words, SUs can exchange fundamental control messages, including local sensing results, 

channel selection messages, data channel setup messages, spectrum handover messages, etc., through CCC. 

Within this context, the establishment of the CCC is a crucial issue. 

The strategy for selecting the CCC differs from the approach used for channel selection in data transmission. 

In this paper, leveraging the inherent features of CR, we employ game theory [9] to establish the CCC. Game-

theoretic approaches have found application in various wireless communication technologies, including 

cognitive radios. A game proposing a minimum connected weighted inner edge spanning tree (MWIEST) is 

introduced in [10]. In [11], the authors proposed a game theory-based approach for jointly optimizing the 

energy efficiency of resources in Cognitive Radio Networks (CRN). In [12], a spectrum sensing structure based 

on game theory is designed for energy-harvesting hybrid CRN to address complications, including finite 

sensing duration and interferences. In this paper, to establish the CCC with a game converging to a Nash 

equilibrium (NE), we employ the theory of potential games. Our contributions are summarized as follows: 

1) We employ a potential game model to establish CCC for CSCs across multiple channels. We design 

a utility function that accounts for the impact of interference on CCC establishment. Furthermore, we 

demonstrate that a game incorporating this utility function qualifies as a potential game  

2) We introduce the concepts of CCC delay and broadcasting. Additionally, we employ these concepts 

to access the performance of the proposed approach in terms of both delay and overload.  

The rest of this paper is organized as follows: Section 2 delineates the system model and related assumption. 

Subsequently, Section 3 outlies the design of the common control channel establishment games, confirming 

its classification as a potential game. Section 3 also includes the implementation details of the algorithm. 

Section 4 presents the simulation results. Finally, our work is concluded in Section 5. 

 

2 System Model and Assumption  

The system model addresses two-tier cellular networks comprising macro cells with macro base station 

(MBSs) and small cells with small cell base station (SBSs), potentially including femto BSs, pico BSs, or 

micro BSs, as illustrated in Figure1. (a). Macro-cells are constructed using lower and licensed bands to provide 

broader network coverage. SBSs are equipped with cognitive radio (CR) technology to identify licensed users 

in macro-cells and opportunistically utilize licensed bands when PUs are absent. Specifically, the SU 

determines available spectrum portions, detects PUs in licensed bands, selects the optimal channel, coordinates 

access with other SUs, and vacates the channel upon PU detection. To ensure shared communication of basic 

control messages among SUs, we presume the selection of an available channel with highest quality as the 
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CCC. 

We assume a two-tier system where 𝑁 SBSs and 𝑀 MBSs share 𝐶 = {1,2, . . . , 𝑐}channels. Additionally, 

there are 𝛼  channels are occupied by PUs. Consequently, the allocated channels for SBSs are 𝐾 =

{1,2, . . . , 𝑘} = (𝐶 − 𝛼), satisfying the condition 𝐾 < 𝑁. Each SU maintains an available channel list (ACL), 

as shown in Figure1. (b), with channel ID in square bracket indicating CCC selection. 

Recognizing the significance of CCC, we propose selecting the channel with the least interference to PUs 

to serve as CCC. In general, the channel quality can be characterized by Signal-to-interference-ratio (SIR). In 

this paper, we address not only interference among SUs but also interference to PUs. 

 

3 CCC Establishment Algorithm  

3.1 Rethink Common Control Channel  

In CSCs, a CCC can be allocated to either licensed or unlicensed band, with the allocation being temporary 

or permanent. As referred in [13], a CCC is channel allocated in portion of spectrum [𝑓1, 𝑓2] with channel 

bandwidth 𝑏 ∈ (𝑓2 − 𝑓1) (3KHz ≤ 𝑓1 < 𝑓2 ≤ 300𝐺Hz) during the time period[𝑡1, 𝑡2] (0 < 𝑡1 < 𝑡2 < ∞). 

Consequently, a CCC within CR small cells may not always be unique and available; instead, it can be allocated 

to either licensed or unlicensed bands. Therefore, we focus on dynamically allocated CCCs in either licensed 

or unlicensed bands. 

 

 

 (a) System Model                       (b)The available channel lists of SU 

Figure 1.  Network architecture and channel states 

 

3.2 Common Control Channel Establishment Game  

3.2.1 A Game Theoretic Formulation. In our system model, each SBS is considered as a player of the 

game, and we model the interactions among them as a cooperative Common Control Channel Establishment 

Game (CCCEG), which can be mathematically defined as 𝛤 : = (𝑁, (𝑆𝑖)𝑖∈𝑁, (𝑈𝑖)𝑖∈𝑁). 𝑁a finite set of 
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players. 𝑆𝑖 is the set of strategies associated with player 𝑖. Formally, the strategy of 𝑖thplayer is 𝑆𝑖 =

{𝑐𝑖,1, . . . , 𝑐𝑖,𝑘 , . . . 𝑐𝑖,|𝑘|}, where |𝑘|is the number of available channels, and 𝑐𝑖,𝑘 is a binary value. If channel 

𝑘 is assigned to one of the players, 𝑐𝑖,𝑘 is set to one. Otherwise, 𝑐𝑖,𝑘 is set to zero. 𝑆−𝑖 =

{𝑆1, 𝑆2, . . . 𝑆𝑖−1, 𝑆𝑖+1, . . . , 𝑆𝑁} is specially defined as the strategy set chosen by all other players except player 

𝑖 for this model, steady-state conditions known as Nash equilibria (NE) are identified, where no player 

would rationally choose to deviate from their chosen action because the payoff of that condition is larger 

than they could achieve by deviating, i.e. 𝑈𝑖(𝑠∗) ≥ 𝑈𝑖(𝑠𝑖
′, 𝑠−𝑖)(∀𝑠𝑖

′ ∈ 𝑠𝑖 , ∀𝑖 ∈ 𝑁). That is, no player can 

benefit by deviating from its strategy if others do not change theirs. The CCC establishment algorithm 

reaching a stable state is the final goal of the game. However, due to the time-varying channel 

characteristics, ensuring the convergence of the CCC establishment algorithm is challenging in the general 

game model. Hence, to achieve CCCEG converging to a NE, we resort here to the theory of potential game. 

Potential games have useful properties and address the outcome efficiency issue and existence of NE [14]. 

Therefore, potential games have two inherent characteristics: 1) Every finite potential game possesses at least 

on pure strategy NE. 2) All NEs are either local or global maximizers of the utility function. For a potential 

game, there must be a potential function 𝜙𝑖(𝑠)(∀𝑠𝑖
′, 𝑠𝑖

′′ ∈ 𝑠𝑖) that is described as follows: 

 𝑈𝑖(𝑠𝑖
′, 𝑠−𝑖) − 𝑈𝑖(𝑠𝑖

′′, 𝑠−𝑖) = 𝜙𝑖(𝑠𝑖
′, 𝑠−𝑖) − 𝜙𝑖(𝑠𝑖

′′, 𝑠−𝑖)                        (1) 

That is, the unilateral changes produced by the utility function of any game player can be accurately 

reflected by the potential function in the process. 

3.2.2 Utility Function. In CCCEG, the utility function should characterize the preference of an SU for a 

channel. Considering that SUs are willing to cooperate to achieve a CCC, we impose that the utility function 

must account for both interferences perceived by the current SUs and the interference the SU is creating for 

neighboring SUs sharing the same channel. Given the importance of CCC, we propose that the channel with 

high quality (known as least interference) be selected as CCC. We introduce the Signal-to- interference- ratio 

(SIR) to characterize the channel quality. Hence, SIR measured at the receiver-𝑗th  SU associated with 

transmitter- 𝑖thSU can be expressed 

𝑆𝐼𝑅𝑖𝑗 =
𝑝𝑖(𝑠𝑖)𝐺𝑖𝑗

∑ 𝑝𝑗(𝑠𝑗)𝐺𝑖𝑗(𝑠𝑗,𝑠𝑖)+𝜎2𝑁
𝑗=1,𝑗≠𝑖

                                                                 (2) 

{
𝐼(𝑠𝑗, 𝑠𝑖) = 1, 𝑠𝑖 = 𝑠𝑗

𝐼(𝑠𝑗, 𝑠𝑖) = 0, 𝑠𝑖 ≠ 𝑠𝑗

                                                                                    (3) 

The formula (3) represents the interference function of 𝑖th SU considering its strategy. 𝑠𝑖 and 𝑠𝑗 are 

the CCC establishment strategies of SUs 𝑖and 𝑗. 𝑝𝑖(𝑠𝑖) and 𝑝𝑗(𝑠𝑗) denotes the transmission power of the 

𝑖thSU and 𝑖thSU take strategy 𝑠𝑖  and 𝑠𝑗 , respectively.  𝐺𝑗𝑖  and 𝐺𝑖𝑗  represents the channel gain of 

receiver 𝑗and transmitter 𝑖. 𝜎2 denotes the receiver noise. 

Considering that SUs are willing to cooperate to select a CCC with fairness, we impose that the utility 

function must account for interference perceived not only by the current SU but also by the particular user 

creating interference for neighboring users. 

Therefore, the first utility function 𝑈𝑖
1(𝑠𝑖, 𝑠−𝑖) can be expressed as: 

𝑈𝑖
1(𝑠𝑖,𝑠−𝑖) = − ∑ 𝑝𝑗(𝑠𝑗)𝐺𝑖𝑗𝐼(𝑠𝑗 , 𝑠𝑖) − ∑ 𝑝𝑖(𝑠𝑖)𝐺𝑗𝑖𝐼(𝑠𝑖, 𝑠𝑗)                        𝑁

𝑗=1,𝑗≠𝑖
𝑁
𝑗=1,𝑗≠𝑖  (4) 

Additionally, we assume that the available channel with highest channel quality will be selected as CCC. 

Accordingly, we adopt the Signal-to-Interference-plus-Noise Radio (SINR) as a metric for assessing channel 

quality. Following Shannon's formulation, the capacity of the CCC is expressed by formula (5), 
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𝑄𝑖(𝑠𝑖) = 𝐵 ∗ 𝑙𝑜𝑔2(1 + 𝑆𝐼𝑁𝑅𝑖(𝑠𝑖)) =𝐵 ∗ 𝑙𝑜𝑔2( 1 + 𝑝𝑖(𝑠𝑖) ∗
𝐺𝑖(𝑠𝑖)

(𝜎2+𝐼(𝑠𝑖,𝑠−𝑖))) 
                     (5) 

Where 𝐵is bandwidth of channel, 𝐺𝑖(𝑠𝑖) is the channel gain: 𝐼(𝑠𝑖,𝑠−𝑖) is the accumulated interference 

introduced by other SUs expect 𝑖.  

The expression for the second utility function is: 

𝑈𝑖
2(𝑠𝑖, 𝑠−𝑖) = ∑ 𝐼(𝑠𝑖 = 𝑠𝑗)𝑁

𝑗=1,𝑗≠1 𝑄𝑖(𝑠𝑖)                          (6)  

Therefore, the global utility function of the 𝒾th SU is expressed as: 

𝑈𝒾(𝑠𝑖 , 𝑠−𝑖) = 𝜆𝑈𝑖
2(𝑠𝑖, 𝑠−𝑖) + 𝜇(1 − 𝜆)𝑈𝑖

1(𝑠𝑖, 𝑠−𝑖)                                                  (7) 

As illustrated in formula (5), the utility function contains two criteria. The initial criterion represents the 

shared interest of multiple players, where each SU aims to utilize a channel commonly available and of high 

quality to the other SUs as the control channel. The second criterion addresses system interference. Specifically, 

each SU seeks to use a channel with minimal interference from neighboring SUs. The parameter 𝜆 ∈ [0,1] 

determines the relative weights of the two criteria in the utility function. 𝜇is a correction factor. 

3.2.3 Potential Game Formulation and Equilibrium Convergence. A characteristic of a potential 

game is the existence of a potential function that exactly reflects any unilateral change in the utility function 

of any player. In any potential game where players take actions sequentially, convergence occurs towards a 

pure strategy Nash equilibrium, maximizing the potential function. 

In the context of our previously formulated joint interference with a global utility function 𝑈𝑖(𝑠𝑖 , 𝑠−𝑖), a 

potential function is defined as follows: 

𝜙𝑖(𝑆) = 𝜙(𝑠𝑖, 𝑠−𝑖) = 𝜙𝑖(𝑠𝑖
′, 𝑠−𝑖) − 𝜙𝑖(𝑠𝑖

′′, 𝑠−𝑖)                        (8) 

Assuming a play 𝑖 changes its strategy from channel 𝑘to 𝑙, the formulation (8) can be expressed as 

follows: 

𝑈𝑖(𝑙, 𝑠−𝑖) − 𝑈𝑖(𝑘, 𝑠−𝑖) = 𝜆(𝑈𝑖
2(𝑙, 𝑠−𝑖) − 𝑈𝑖

2(𝑘, 𝑠−𝑖)) + 𝑢(1 − 𝜆)(𝑈𝑖
1(𝑙, 𝑠−𝑖) − 𝑈𝑖

1(𝑘, 𝑠−𝑖))    (9) 

In [15], the authors have established the validity of formula (8). In this context, our focus is solely on 

verifying the truth of formula (8). Furthermore, we only demonstrate the 𝑈𝑖
2(𝑠𝑖, 𝑠−𝑖) that it also validates 

formula (1). Suppose there is a potential function of the game is defined as formula (6) as 𝑈𝑖
2(𝑠𝑖, 𝑠−𝑖) =

∑ 𝐼(𝑠𝑖 = 𝑠𝑗)𝑁
𝑗=1,𝑗≠1 𝑄𝑖(𝑠𝑖), where all 𝒾 ∈ {1,2, … , 𝑁}. The player 𝒾  changes its strategy from 𝑠𝑖 = 𝑘  to 

𝑠𝑖 = 𝑙 , then ϕ𝑖(𝑠𝑖, 𝑠−𝑖) =  ϕ𝑖(𝑙, 𝑠−𝑖) − ϕ𝑖(𝑘, 𝑠−𝑖) = ∑ (𝐼(𝑠𝑗 = 𝑙) − 𝐼(𝑠𝑗 = 𝑘)(𝑄𝑖(𝑙) − 𝑄𝑖(𝑘)))𝑁
𝑗=1,𝑗≠𝑖 . 

According to formula, we can define a matrix 𝚨𝑁𝑋𝑁 as the indictor matrix. If the indicator 𝐼(𝑠𝑖 = 𝑠𝑗) = 1 

for 𝒾, 𝒿, the element 𝚨𝒾𝒿=1. When the strategy of player 𝒾 is changed from 𝑠𝑖 = 𝑘 to 𝑠𝑖 = 𝑙, that means, 

the 𝒾 th row and 𝒾 th column of 𝚨  change. Hence, the accumulated change in the 𝒾 th row is 

∑ (𝐼(𝑙 = 𝑠𝑗) − 𝐼(𝑘 = 𝑠𝑗))𝑖−1
𝑗=1 , and the accumulated change in the 𝒾 th column is ∑ (𝐼(𝑠𝑚 = 𝑙) −𝑁−1

𝑤=𝒾+1

𝐼(𝑠𝑚 = 𝑘)). Therefore, ϕ𝑖(𝑙, 𝑠−𝑖) − ϕ𝑖(𝑘, 𝑠−𝑖) = ∑ (𝐼(𝑠𝑗 = 𝑙) − 𝐼(𝑠𝑗 = 𝑘)(𝑄𝑖(𝑙) − 𝑄𝑖(𝑘)))𝑁
𝑗=1,𝑗≠𝑖 . In this 

context, we have 

 𝜙𝑖(𝑙, 𝑠−𝑖) − 𝜙(𝑘, 𝑠−𝑖) = 𝑈𝑖(𝑙, 𝑠𝑖) − 𝑈𝑖(𝑘, 𝑠−𝑖)                                                    (10) 

Hence, the game 𝛤 is considered an exact potential game. In a potential game 𝛤, each player adjusting its 
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strategy individually results in a proportional change in both its utility and the global potential function. Players 

update their strategies to maximize individual utility, while the potential function ultimately converges to a 

local maximum. At this moment, the potential game reaches a pure Nash equilibrium, a defining characteristic 

of potential games being the presence of a unique Nash equilibrium. 

3.3 Algorithm Implementation  

3.3.1 CCCEG Implementation. For each SU, it performs local spectrum sensing, determines available 

channels, and constructs an available channel list (ACL) [16]. Subsequently, the SU selects the channel with 

highest channel quality from (ACL) as CCC and encapsulates specific information (such as channel ID, 

channel quality) in a message named Hello Message. Afterward, the SU chooses the channel with the highest 

quality from (ACL) as CCC. The Hello Message is broadcast to one-hop neighboring SUs through CCC. 

Following a period 𝛤, SUs recalculate their utility using formula (7) and choose a channel with maximum 

utility as CCC. Additionally, SUs will re-encapsulate the Hello Message with updated information on the re-

selected CCC and broadcast it in the next period 𝑇 + 1 

The common control channel establishment algorithm for SU is presented as follows: 

STEP 1: Initialization 

For 𝑖th SU 

1-1: Performs local spectrum sensing 

1-2: Constructs its ACL𝑖 according to 𝑄𝑖(𝑠𝑖) monotonically decreasing order. 

1-3: Selects a channel 𝑘 with the highest 𝑄𝑖(𝑘) from ACL𝑖 , broadcast Hello message composed of 

𝑄𝑖(𝑘) on channel 𝑘 

STEP 2: One period of game theory 

2-1: During a broadcasting period 𝑇, 𝑖thSU receives all Hello messages and count 𝑡 the number of Hello 

messages on c1hannels in ACL𝑖. That is, counter𝑘 : = counter𝑘 + 1 

2-2: The end of a broadcasting period 𝑇, 𝑖th SU calculates channel quality of each channel in ACL𝑖 by 

utility function. A channel with the highest channel quality (𝑄𝑖(𝑘)) is selected and broadcasted in the next 

period 𝑇 + 1. 

STEP 3: Game End 

3-1: After the specified iteration by the proposed algorithm, if all SUs receive Hello messages from the 

same channel, that channel can be considered as a CCC. Otherwise, the process returns to STEP 2. Regarding 

the algorithm described above, the primary focus lies in ACL update and utility function design. Detailed 

explanations of ACL update and utility function design will be provided in the following sections. 

3.3.2 Available Channel List Update. In the aforementioned algorithm, it is imperative that the channel 

with the highest channel quality from the ACL be promptly assigned as the new common control channel when 

a PU occupies this channel. Consequently, ACL updates facilitate CCC recovery from PU activities. 

Each SU constructs and maintains an ACL for periodic broadcast to its neighbors and dynamic CCC 

selection. Typically, the ACL is a list of channels commonly available to at least one neighbor. The order of 

the list is determined by channel quality 𝑄𝑖(𝑘). All channels within the ACL are arranged in monotonically 

decreasing order based on 𝑄𝑖(𝑘). 
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Each SU has the capability to update its ACL through periodic local spectrum sensing. In this scenario, the 

update is essential for two scenarios: 1) new PU- occupied channels should be removed from the ACL and 2) 

addition of newly sensed available channels into ACL. Apart from updating the ACL with local spectrum 

sensing information, SUs also update their ACLs upon receiving an ACL from a neighbor. Following the ACL 

update of a CR user with neighbor’s ACL information, available channels shared with its neighbors persist in 

the ACL. 

The pseudo code of a SU 𝑖’s ACL𝑖 update algorithm as follows 

STEP1: ACL𝑖 update with SU 𝑖's local spectrum sensing  

1-1: SU 𝑖performs local spectrum sensing, initial ACL𝑖 = 0 

If channel 𝑘 is occupied by PU, then channel 𝑘 removed from the ACL𝑖,  

If channel 𝑘 is a newly sensed available channel, then channel 𝑘 is add to the ACL𝑖 , and notify its 

neighbors.  

1-2 Reorder ACL𝑖 by monotonically decreasing order of 𝑄(𝑘)(𝑘 ∈ ACL𝑖)  

STEP 2: ACL𝑖 update with neighbor 𝑗’s ACL𝑗  

2-1 If receiving a notification (ACL𝑗,) from neighbor 𝑗 then  

SU 𝑖 generate a list of shared channels from ACL𝑖and ACL𝑗 

ACL𝑖 ← ACL𝑖 ∩ ACL𝑗 

2-2 Reorder ACL𝑖 with monotonically decreasing order of quality of channel 𝑄(𝑘)(𝑘 ∈ ACL𝑖) 

 

4 Simulation Results 

In this section, simulation experiments are conduced to evaluate the performance of the CCCEG algorithm. 

The network configuration parameters are presented in Table 1 

 

Table 1. Parameters Setting 

Simulation area 300mx300m 

The number of small cells 3 

Maximum transmission power of 𝑖thSU 10W 

SU transmission range 25m 

The index of channel 1,2,3,4,5,6,7,8,9,10 

Number of primary users 10 

𝜆 0.5 

 

4.1 Convergence of Utility Function 𝒋 

Figure 2 illustrates the utility function for CCC establishment between SUs 𝑖 and their neighbor using the 

proposed approach. The numerals on the x-axis and y-axis represent the available channels for SU 𝑖 and 𝑗. 

Given that neighboring SUs typically experience homogeneous channel availability in cognitive small cell 

networks, each SU can independently compile a similar list of available channels. Consequently, SUs 𝑖 and 
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𝑗 can collectively choose a channel with the highest channel quality as a CCC (as depicted by the points at the 

peak of the utility). 

Figure 3 illustrates the convergence of the proposed method based on a potential game. As depicted in the 

figure, it is evident that the proposed method converges after 90 seconds. Specifically, a channel with the 

maximum channel quality is select as the CCC after this duration. The figure highlights the high convergence 

speed of the proposed method. 

Figures 4 and 5 illustrate the establishment of CCC among 3 SUs with 4 and 10 available channels, 

respectively. In the case with 4 available channels, the proposed method converges after 8 iterations, as 

demonstrated in the figure. For the latter case, convergence is achieved after 10 iterations. Therefore, the 

proposed method exhibits strong convergence. In other words, CCC can be well-established by the proposed 

method. 

4.2 Comparison  

4.2.1 CCC Delay. We assume that SUs 𝑖 transmit control information to a neighbor 𝑗 on CCC 𝑙 . The 

maximum achievable rate of the control information transmission is given by: 

𝑅𝑘
𝑗

= 𝐵 log (1 +
𝑃𝑖|𝐺𝑖𝑗|

2

𝑁0𝐵+𝐼
𝑘
𝑗)                                                                          (11) 

 

 

Figure 2. Utility function for CCC establishment Figure 3. Convergence of proposed 

method 
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Where 𝐵 represents channel bandwidth, 𝑃𝑖 is transmit power of SU 𝑖 on CCC 𝑘, 𝐺𝑖𝑗 is the channel 

gain between SUs 𝑖 and 𝑗, N𝑂 is the power spectral density of additive white Gaussian noise, and 𝐼𝑘
𝑗
 is the 

accumulated interference power of PU transmit signals observed by SU 𝑗  on CCC 𝑙 . If SUs 𝑖  has 𝑁𝑗 

neighbors within its transmission range, all of 𝑁𝑗  neighbors within its transmission range can turn CCC to 

channel 𝑘. Therefore, the maximum achievable throughput in SU 𝑖’s transmission range can be expressed as 

𝑅𝑘 = min {𝑅𝑘,𝑗
𝑗

= 1,2, … , 𝑁𝑗} since throughput is constrained by the rate of the weakest link (where the 

interference power 𝐼𝑖
𝑗
 is the largest, and channel gain ℎ𝑖𝑗  is the smallest). Additionally, we assume the 

control message is of length 𝐷 bits, the transmission delay of CCC 𝑙 is 𝐷 𝑅𝑙⁄ . We denote the average control 

message transmission delay as 𝐸 (CCC delay). 

Figure 6 illustrates the comparison of the average control message transmission delay, denoted as 𝐸 (CCC 

delay) between the proposed method and Group-based CCC method discussed in [17]. The figure demonstrates 

that the 𝐸 values for both the proposed method and the Group-based CCC method increase as the size of the 

control packet increases. Notably, the 𝐸 of the proposed method is less than the method referred in [17], 

attributed to its selection of the channel with the highest channel quality (specifically, the highest channel 

capacity) as CCC. 

4.2.2 Overhead. The overhead of proposed method is predominantly influence by the broadcast of Hello 

message to neighbors for maintaining CCLs. Thus, the broadcast rate plays a pivotal role in determining the 

associated overhead of the proposed method. Conversely, the CCL update and broadcast depend on PU 

activities and the broadcast rate of neighbors. Assuming that the SU 𝑖 has 𝑁𝑗  neighbors, where neighbor 

𝑗(𝑗 = 1,2, . . , 𝑁𝑗) broadcasts its CCL with the rate 𝑟𝑗. We define a broadcast rate 𝑟𝑏𝑟 as the percentage of 

HELLO message broadcasted over all received messages of its CCL with the rate 𝑟𝑗. This broadcast rate 𝑟𝑏𝑟 

is expressed as the percentage of HELLO message broadcasted over all received message at SUs, as follows:  

𝑟𝑏𝑟 =  
𝑁𝐻𝑒𝑙

𝑁𝑡𝑜𝑡
                                                                                                               (12) 

Figure 5. CCC is established (M=10, N=3) Figure 4. CCC is established (M=4, N=3) 
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Here, 𝑁𝐻𝑒𝑙 represents the number of currently sent HELLO message by SUs, and 𝑁𝑡𝑜𝑡 is the total number 

of received message at CR user. 

Figure 7 illustrates the comparison of broadcasting rate between our proposed method and the Group-based 

method described in [17]. The broadcasting rate of our proposed method is initially high but diminishes with 

all received messages as the utility function gradually converges. In other words, fewer Hello messages are 

need to broadcast for CCL updates in our proposed method. However, the method referred in [17] still requires 

more Hello message to maintain CCL, particularly for SUs referred to as gateways, which play an essential 

role for exchanging CCLs from different groups. Consequently, the proposed method incurs less overhead 

compare to the method in [17].   

 

5 Conclusion  

In this paper, we propose a game theory-based approach for establishing a common control channel in 

cognitive small cells. We modeled the common control establishment problem as game, designed a utility 

function, and demonstrated this game is a potential game. Each SU serves as a game player and selects an 

available channel with the highest channel quality as common control channel using its strategy. The utility of 

each SU reflects not only its own benefit but also the common interest of other SUs. The simulation results 

demonstrate that the proposed game theory-based algorithm for common control channel establishment 

exhibits better convergence. The performance of the proposed approach surpasses that of the group-based 

approach in terms of common control channel delay and overall network overhead. 

 

Acknowledgement 

This work was support by Dong Seoul University Research Support Center in 2023. 

 

 

Figure 6. Comparison of CCC delay Figure 7. Comparison of broadcasting rate 



Game-Theoretic Optimization of Common Control Channel Establishment for Spectrum Efficiency in Cognitive Small Cell Network        11 

 

REFERENCE 

[1] Spectrum Policy Task Force Report, Federal Communications Commission, Washington, DC, USA, 2020, DOI: 

https://www.fcc.gov/document/spectrum-policy-task-force 

[2] S. Haykin, “Cognitive Radio: Brain-Empowered Wireless Communication,” IEEE Journal on Selected Areas in 

Communications, vol. 23, No. 2, pp. 201-220, Feb. 2005, DOI: 10.1109/JSAC.2004.839380 

[3] J. Andrews et al., “Femtocells: Past, Present, and Future,” IEEE Journal on Selected Areas in Communication, vol.30, 

No.3, Apr. 2012, pp.497-508, Mar. 2012, DOI: 10.1109/JSAC.2012.120401 

[4] H. Elsawy et al., “HetNets with cognitive small cells: User offloading and distributed channel access techniques,” 

IEEE Communications Magazine, vol.51, No.6, pp.28-36, June 2013, DOI: 10.1109/MCOM.2013.6525592 

[5] Salman, Ayesha, et al. “Novel sensing and joint beam and null steering based resource allocation for cross-tier 

interference mitigation in cognitive femtocell networks,” Wireless Networks, No.24, pp.2205–2219, Aug.2018, DOI: 

https://doi.org/10.1007/s11276-017-1465-6 

[6] B. Liu et al., "Optimal Spectrum Sensing Interval in MISO Cognitive Small Cell Networks," IEEE Access, Vol. 6, pp. 

3479-3490, Jan. 2018, DOI: 10.1109/ACCESS.2018.2789914 

[7] H. Zhang et al, "Resource Allocation for Cognitive Small Cell Networks: A Cooperative Bargaining Game Theoretic 

Approach," IEEE Transactions on Wireless Communications, vol. 14, No. 6, pp. 3481-3493, June. 2015, DOI: 

10.1109/TWC.2015.2407355 

[8] G. Wu et al., "Spectrum Sharing with Dynamic Cournot Game in Vehicle-Enabled Cognitive Small-Cell 

Networks,” Journal of Computer Networks and Communications, vol. 2019, pp.1-9, Dec. 2019  

[9] G. Owen, “Game theory,” Emerald Group Publishing, 2013. 

[10] T. N. Tran et al., "A Game Theory Based Clustering Protocol to Support Multicast Routing in Cognitive Radio Mobile 

Ad Hoc Networks," IEEE Access, vol. 8, pp. 141310-141330, Aug. 2020, DOI: 10.1109/ACCESS.2020.3013644 

[11] A. Kumar et al., "A Game Theory Based Hybrid NOMA for Efficient Resource Optimization in Cognitive Radio 

Networks," IEEE Transactions on Network Science and Engineering, vol. 8, No. 4, pp. 3501-3514, Sept. 2021, DOI: 

10.1109/TNSE.2021.3116669 

[12] K. Danesh et al., “Game theory based spectrum sensing and transmission in energy harvesting hybrid cognitive radio 

networks,” International journal of communication systems, vol.35. No.10, Jun. 2022 

[13] Lo. B.F., “Design and analysis of common control channels in cognitive radio ad hoc networks,” PhD diss., Georgia 

Institute of Technology, 2013 

[14] N. Nie et.al., “A Game Theoretic Approach to Interference Management in Cognitive Networks,” Wireless 

Communications, pp.199-219, 2007 

[15] N. Nie et.al., “A Game Theoretic Approach to Interference Management in Cognitive Networks,” Wireless 

Communications, vol. 143, 2007, DOI: https://doi.org/10.1007/978-0-387-48945-2_9 

[16] B. Wang et al., "Advances in cognitive radio networks: A survey," IEEE Journal of selected topics in signal 

processing, vol. 5, No.1, pp.5-23, Feb. 2011, DOI: 10.1109/JSTSP.2010.2093210 

[17] T.Y. Wu et al., “CACH: Cycle-adjustable channel hopping for control channel establishment in cognitive radio 

networks,” IEEE INFOCOM 2014-IEEE Conference on Computer Communication, Toronto, Canada, pp.2706-2714, 

Apr.2014 

 

 

 

https://www.fcc.gov/document/spectrum-policy-task-force
https://doi.org/10.1109/JSAC.2004.839380
https://doi.org/10.1109/JSAC.2012.120401
https://doi.org/10.1109/MCOM.2013.6525592
https://doi.org/10.1007/s11276-017-1465-6
https://doi.org/10.1109/ACCESS.2018.2789914
https://doi.org/10.1109/TWC.2015.2407355
https://doi.org/10.1109/ACCESS.2020.3013644
https://doi.org/10.1109/TNSE.2021.3116669
https://doi.org/10.1007/978-0-387-48945-2_9
https://doi.org/10.1109/JSTSP.2010.2093210



