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Abstract: The massive growing demands for radio wireless communications have resulted in a spectrum scarcity 

problem. Cognitive radios utilize a dynamic spectrum access to share the spectrum with licensed frequency bands in an 

opportunistic manner. The integration of cognitive radio with wireless sensor nodes can improve spectrum utilization 

and increase communication quality. Currently, clustering protocols have been developed to minimize energy 

consumption and to prolong network’s lifetime. However, spectrum awareness in not considered. Thus, clustering 

protocols need to adapt to the changes in the surrounding environment and to optimally consider both energy efficiency 

and spectrum awareness. Therefore, this paper develops a Fuzzy based Energy Efficient and Spectrum Aware 

clustering protocol (FEESA) to optimally elect cluster heads based on four conflicting parameters: residual energy, 

distance to base station, node degree, and channel availability. The performance of the proposed protocol is simulated 

using MATLAB and Mamdani fuzzy inference system. Two simulation scenarios and three performance metrics were 

used. The proposed fuzzy clustering protocol is compared with three different protocols: a basic energy efficient 

protocol, a spectrum aware protocol, and an energy efficient spectrum aware protocol which uses a weighting function. 

The simulation results indicate the effectiveness of the proposed fuzzy based clustering protocol to extend network 

lifetime and reduce energy consumption. 
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I. INTRODUCTION 

 

Wireless Sensor Networks (WSNs) have emerged as a promising technology to provide connectivity to a huge number 

of nodes [1]. WSNs can sense, perform computation, take decisions and transmit useful collected data to the Base 

Station (BS) through fixed unlicensed spectrum bands [2]. Many routing protocols have been proposed for traditional 

cluster based WSNs, where nodes are divided into different virtual groups according to a set of rules. 

The Low Energy Adaptive Clustering Hierarchy (LEACH) protocol [3] is a basic clustering protocol. Cluster Heads 

(CHs) are elected by generating a number between zero and one and if it is less than a predefined threshold T (n), then 

this node will become the CH in the next round. The threshold value is defined in equation (1): 

𝑇 𝑛 =   

𝑝

1 − 𝑝 ∗  𝑟 𝑚𝑜𝑑 
1

𝑝
 

 , 𝑖𝑓 𝑛 ∈ 𝐺

0 ,                                          𝑜𝑡𝑕𝑒𝑟𝑤𝑖𝑠𝑒

       1   

 

Where, P is the desired CH percentage, r is current round, G is the set of nodes that have not been CHs in 1/P rounds. 

The Hybrid Energy-Efficient Distributed (HEED) clustering protocol [4] adds energy level and node distance to its 

neighbors to CH election criteria. However, both protocols use the unlicensed, fixed spectrum assignments and suffer 

from spectrum scarcity problem.   

WSNs coexist with other interfering wireless technologies like Wi-Fi and Bluetooth which degrade performance of all 

communicating networks [5]. Cognitive Radio (CR) provides the key enabling functions for the next generation 

wireless communication [6]. It uses an intelligent radio technology that is aware of the changes of its surrounding 

environment and can adapt its operating parameters dynamically to solve spectrum scarcity problem. It utilizes a 

Dynamic Spectrum Access (DSA) [7] to sense spectrum and to share available vacant channels in licensed frequency 

band. The integration of CR with WSNs have resulted in a new networking paradigm called Cognitive Radio Sensor 

Networks (CRSNs) [8].  

Routing protocols proposed for traditional WSNs have been designed to be energy efficient. They are not suitable for 
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CRSN which need to consider both energy efficiency and spectrum awareness [9]. Therefore, basic clustering 

algorithms need some modifications to dynamically utilize licenced frequency bands and to provide spectrum 

awareness.  

CogLEACH [10] added the channel availability as part of the CH selection criteria. CogLEACH-C [11] extended 

CogLEACH by adding nodes remaining energy to CH selection in a centralized architecture. The energy aware event 

driven (ESAC) [12]  forms clusters only after an event is being detected and maintain these clusters until the end of the 

event. The mobile version of ESAC (mESAC) is also an event driven protocol [13] and both form clusters between 

event and the sink node. The energy aware Event-driven Routing Protocol (ERP) also creates routes from nodes that 

detect event to the sink node [14].  

Gupta [15] proposed fuzzy logic based protocol to optimally elect CHs based on three fuzzy descriptors of residual 

energy, concentration, and centrality.  His protocol improved lifetime of the network as compared to LEACH [16]. 

However, the main drawbacks of his protocol was the centralized election mechanism, where each node has to send 

information about its current location and energy level to BS in each round [17].  Anno [18] also used the fuzzy logic to 

elect CHs based on remaining energy, the distance of cluster centroid, and network traffics as inputs fuzzy parameters. 

His work does not suggest how the inputs descriptors are collected and how the fuzzy logic is run [19]. 

All of the above protocols are energy efficient and spectrum aware with no optimal selection criteria for CHs. Thus 

there is a need to optimally develop energy efficient and spectrum aware protocol for the CRSNs to enhance network 

lifetime. 

Therefore, this paper develops a Fuzzy based Energy Efficient and Spectrum Aware clustering protocol (FEESA) for 

CRSNs that optimally elect CHs based on four proposed parameters of residual energy, distance to base station, node 

degree, and channel availability. Mamdani’s Fuzzy Inference System (FIS) is used to take optimal decisions using 

membership functions and fuzzy logic operators [20]. The simulation results indicated the effectiveness of the proposed 

fuzzy-based clustering protocol in terms of network lifetime and energy consumption. 

The rest of this paper is organized as follows: section 2 presents proposed FEESA protocol in details explanation. The 

performance of the FEESA protocol is evaluated in section 3.  Finally, section 4 concludes results and presents future 

research.  

II. FUZZY-BASED ENERGY EFFICIENT SPECTRUM AWARE (FEESA) ROUTING PROTOCOL 

 

CRSNs consist of N CR enabled sensor nodes called Secondary Users (SUs) which coexist with M Primary Users 

(PUs) that operate on a set of orthogonal C frequency channels. Both SUs and PU are randomly deployed and assumed 

to be static. SUs can opportunistically access the spectrum when no PU is operating on licensed frequency band. The 

number of available channels can be identified by their unique channel IDs. Each node is assumed to have a list of all 

available spectrum bands depending on its location.  Also SUs can estimate the PU appearance probability and PU idle 

time in the licensed channel in a distributed way. This information will be used to determine vacant spectrum bands to 

transmit data. SUs also have their current residual energy and their location (x, y). A common control channel is 

assumed to be used among SUs to share information and to calculate the Euclidean distance to their one-hop 

neighbours.  

The proposed clustering protocol consists of r rounds and each round consists of two phases. First phase determines 

CHs and second phase optimally forms clusters to BS.  The CH selection process combines both probabilistic model 

with FIS model. Each node in the network generates a random number between zero and one, then if this random 

number is less than the threshold value, the node becomes a candidate CH as described in equation (1).  

The Fuzzy Inference System (FIS) is then used to calculate a chance parameter for each candidate CHs which define its 

possibility to become a CH. After that, each CH advertises its chance value to neighbouring candidate CHs 

(Candidate_CH_Message). The CH which has the highest chance value in the neighbourhood will become a final CH 

and start cluster formation procedure. Other neighbouring candidate nodes who have lower chance values will reset 

their status to normal nodes. This strategy eliminates redundant CHs in the same vicinity. CH selection algorithm is 

presented in algorithm 1. 
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Algorithm1: Cluster Head Selection Algorithm 

S: CRSN 

a: a node of S 

CCH: a set of candidate cluster head  

T(a):  a threshold value to determine if (a) become a candidate CH or not  

FIS: Fuzzy inference system that evaluates the chance value for each node in CCH 

chance(a): a possibility value of the node (a) to be a CH 

 

1. while 𝑟 ≤ 𝑀𝑎𝑥𝑅𝑜𝑢𝑛𝑑 do 

2.           𝑟 = 𝑟 + 1 

3.           for 𝑎 ∈ 𝑆 do 
4.                 calculate T(a) according to eq.1 

5.                 generate random number between 0 and 1 rand() 

6.                 if rand() < T(a) then 

7.                    state(a) = “Candidate Cluster Head” 

8.                    compute fuzzy inputs variables (RE, DBS, ND, CA) 

9.                     𝒄𝒉𝒂𝒏𝒄𝒆 𝒂 ← 𝐹𝐼𝑆 𝑅𝐸, 𝐷𝐵𝑆, 𝑁𝐷, 𝐶𝐴  
10.                 else 

11.                    state(a) = “Normal Node” 

12.                    wait CH_Message from CHs 

13.                 end if  

14.           end 

15.           for 𝑎 ∈ CCH do 

16.                 if chance(a) has the highest value in the neighborhood then 

17.                     state(a) = “Final Cluster Head” 

18.                     other neighbor candidate cluster head reset its state to “Normal 

Node”                       

19.                     start procedure of cluster formation algorithm (Algorithm 2) 

20.                 end if  

21.           end 

22. end while 

 

A. The Proposed Fuzzy Inference System 

The FIS consists of four parts: fuzzification, knowledge base, aggregator, and defuzzification. In the proposed FIS 

model, for each candidate CH, four descriptors are used as input parameters. These are defined as follows. First the 

residual energy (RE) which is the energy level available in each node and it is represented as the fuzzy variable RE. 

Second, the distance to BS (DBS) which is the distance between each node and BS and it is represented as the fuzzy 

variable DBS. Third the node degree (ND) which is the number of neighbour nodes within a specified radius r and is it 

represented as the fuzzy variable ND, where radius is calculated as defined in equation (2). 

𝑟 =   
𝑅

𝜋 × 𝑁 × 𝑃
                                   2  

 

Where R is the area of the network (Length * width), N is the number of sensor nodes in the network, P is the desired 

percentage of CH in the network. Finally the channel availability (CA) is the ratio of the number of idle channels 

available to the node to the total number of channels. The CA(i) of node i is determined using equation (3). 

𝐶𝐴 𝑖 =  
𝑐𝑖
𝑚

                                           3  

 

Where, m is the total number of channels (i.e. |C|) and c_i  is the number of idle channels available to node i. The node 

with a higher value of channel availability means that the node has better opportunity to form a more stable cluster, 

which in turn decreases the energy consumption and increases the lifetime of the network due to avoiding unnecessary 

re-clustering. Thus this node will have a better chance to become CH. 

Each of these four input parameters is divided into three levels of linguistic values to reflect a different degree of 

membership of input linguistic variable. The four input descriptors are specified as follows: low, adequate, and high are 
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used for RE variable. Close, medium, and far are used for DBS variable. Low, medium and high are used for ND 

variable. Finally low, medium and high are used for CA variable. The structure of the proposed FIS model is shown in 

Figure 1. 

 
Fig.1 Fuzzy inference system for CH selection. 

There are numerous types of membership functions such as Triangle, Trapezoidal, Sigmoidal, Gaussian, S-shape, and 

Z-shape. The triangle and trapezoidal membership functions are the most useful types due to their simplicity and easy 

of determining their degrees of membership. Therefore, the middle level of the four inputs (adequate, medium) is 

represented by triangle membership functions, while the other levels of linguistic values are represented by trapezoidal 

membership functions. The output linguistic variable which is the required chance have a seven linguistic values. These 

are very low, low, med low, med, med high, high, very high.  

Finally after calculating the chance value, each candidate CH broadcast its chance which increases with RE, ND, and 

CA and decreases with DBS. Since there are four inputs parameters, each of them have three levels, therefore a total of 

81 fuzzy IF-THEN rules are used. These rules fall between these two cases:  

Case (1): If RE is low, DBS is far, ND is low, and CA is low then the chance is verylow.  

Case (2): If RE is high, DBS is close, ND is high, and CA is high then the chance is veryhigh. 

B. Cluster Formation Algorithm  

The CHs with the highest chance value in its neighborhood will become a final CHs and start cluster’s formation 

process. Clusters are formed by grouping neighbor nodes sharing common vacant channels. Each node senses the 

channels and maintains a channel status table that contains the PU appearance probability (p) and average PU idle time 

(T) for each channel. The PU appearance probability and PU idle time statistics are used to select the common data 

channel for a cluster.  

A CH starts cluster formation process by determining channels that have lower p, higher T and a higher number of one-

hop neighbor nodes. Channel i with maximum weight Wi defined in equation (4), is selected as the CDC for the cluster.  

Wi  =  
1

Pi
 

 ×  Ti      ×   Ni                                (4) 

 

where, 𝑃𝑖   is the average p of the channel i for all nodes in the cluster, 𝑇𝑖  is the average T of the channel i for all nodes, 

and Ni  is the neighbour nodes of cluster head available on the channel i. The 𝑃𝑖  and 𝑇𝑖   of channel i for a cluster head A 

are calculated by the equations (5) and (6), respectively. 

𝑃𝑖 =  
 𝑝𝑖 𝑘 +  𝑝𝑖 𝐴 ∀𝑘∈𝑁𝑖

 𝑁𝑖 + 1
                          5  

 

𝑇𝑖 =  
 𝑇𝑖 𝑘 +  𝑇𝑖 𝐴 ∀𝑘∈𝑁𝑖

 𝑁𝑖 + 1
                        6  

 

After selecting the common data channel, the CH sends (CH_Message) to all neighbor nodes available on the selected 

channel and wait for the JOIN_REQ_Message from the nodes in N_i. The normal nodes receive (CH_Message) from 

CHs and join to the closest CH. Then normal nodes send JOIN_REQ_Message to the chosen CH. The cluster formation 

procedures is depicted in algorithm 2. 
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Algorithm2: Cluster Formation Algorithm 

 

1. if state(A) = “Cluster Head” then 

2. for 𝑖 ∈  𝐶𝐴 do 

3. calculate 𝑊𝑖
    according to Eq. 4 

4. end for 

5. 𝐶𝐷𝐶 = max 𝑊𝑖  
6. send CH_Message to all the neighbor nodes available on the selected channel 

7. wait for JOIN_REQ_Message from the nodes in Ni 

8. else 

9. if state(A) = “Normal Node” then 

10. wait for CH_Message from CHs 

11. join to the closest CH 

12. send  JOIN_REQ_Message to the chosen CH. 

13. end if 

14. end if 

 

III. PERFORMANCE EVALUATION AND RESULT ANALYSIS 

 

The performance of the proposed FEESA protocol is evaluated through extensive simulation in MATLAB.  The 

proposed protocol is compared with three different protocols. The parameters used for performance evaluation are 

listed in Table I. 

TABLE I SIMULATION PARAMETERS 
 

Parameter Value 

Simulation rounds 8000 rounds 

           Area of Network  100 × 100 𝑚2   
 

 Base Station Locations 

 

Centre of the field (50,50) 

Outside the field (50, 175) 

SU Nodes 100, 150, 200, 250 

PU Nodes 10 

Transmission Range 20 m 

No. of Available Channels  6 

𝑃𝑓𝑟𝑒𝑒  0.5 

Packet Size 4000 bits 

Initial Energy  1 J 

Radio Electronics Energy  𝐸𝑒𝑙𝑒𝑐  50 𝑛𝐽 / 𝑏𝑖𝑡 

Amplifier energy  𝐸𝑎𝑚𝑝  100 𝑃𝑗 / 𝑏𝑖𝑡 / 𝑚2 

Data aggregation Energy 𝐸𝐷𝐴  5 𝑛𝐽 / 𝑏𝑖𝑡 / 𝑠𝑖𝑔𝑛𝑎𝑙 
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Our implemented ESAC protocol is not event-driven and it is called ESAC-x. ESAC-x protocol uses the same 

weighting criteria in CH selection: node degree, number of available channels and distance to sink. Both ESAC-x and 

CogLEACH are simulated as examples of spectrum-aware protocols, while LEACH protocol is simulated as a 

reference clustering protocol.  

Two different simulation scenarios are used to evaluate the performance. The first scenario considers location of BS at 

the center of the network field, while the second scenario considers BS located outside the field of the network.  

Three performance metrics are evaluated. The first is network lifetime which is the number of rounds till First Node 

Dead (FND). Second is energy consumption (measured in Joule) and represents rate at which energy is dissipated by 

sensor nodes in a WSN within a specific time. Third is the number of packets sent to BS which is the total number of 

packets sent by all sensor nodes in the network to the BS. 

A. Network Lifetime 

Fig.2 (a) shows the number of rounds at which the first node die out in the network for the four simulated protocols 

while varying number of nodes for the first case of positioning BS in the centre of network field. The number of rounds 

till FND in LEACH protocol ranging between 500 and 600, while for spectrum aware CogLEACH protocol ranging 

between 1700 and 2000 with improvement more than 200% over LEACH protocol results. The results of ESAC-x 

protocol ranging between 2400 and 2600 with improved more than 300% over LEACH protocol results and 

approximately 34% over CogLEACH protocol results. The results of the proposed FEESA protocol ranging between 

2700 and 3200 with enhancement more than 400% over LEACH protocol results, and approximately 60% over 

CogLEACH results, and approximately 21% over ESAC-x results. 

Figure 2 (b) shows the results when moving the position of base station outside the network field. The number of 

rounds at which FND for LEACH protocol ranging between 169 and 208, while for CogLEACH protocol this number 

is ranging between 518 and 610 with an improvement of approximately 200% over the LEACH protocol results. The 

results of ESAC-x protocol ranging between 1205 and 1369 with an improvement of more than 600% over LEACH 

protocol results and approximately 134% over CogLEACH protocol results. The results of the proposed FEESA 

protocol ranging between 1299 and 1680 with an improvment of more than 700% over LEACH protocol results, and 

approximately 174% over CogLEACH results, and approximately 17% over ESAC-x results. 

This scenario shows that the proposed FEESA protocol has the best results over other examined protocols when 

varying number of network nodes. This improvement in network lifetime is due to impact of proposed optimal 

selection strategy for CHs based on fuzzy logic that uses four different selection parameters of: distance to the BS, 

residual energy, node degree, and channel availability. 

 
(a)                                                                                                (b) 

Fig.2 Network lifetime when varying number of network nodes (a) when the position of the BS is in the center of 

network field, (b) when position of BS outside the network field. 

B. Energy Consumption 

Fig.3 (a) shows the consumption of energy for four examined protocols when the position of BS is at the centre of the 

network field. LEACH protocol consumed the highest energy by approximately 97% in the middle of the simulation 

rounds and reaches 99% at the end of the simulation. The energy consumption of CogLEACH protocol in the middle of 

the simulation is approximately 75% and 92% at the end of the simulation. In ESAC-x, protocol this energy 

consumption approximately 71% in the middle of simulation and 87% at the end of the simulation. The proposed 

FEESA protocol has the lowest energy consumption by approximately 61% in the middle of the simulation rounds and 

reaches 78% at the end of the simulation.  
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Fig.3 (b) shows the energy consumption for the four examined protocols when the position of BS is outside the network 

field. LEACH protocol gives the highest energy consumption by approximately 99% in the middle of the simulation 

rounds and reaches approximately 100% at the end of the simulation. The energy consumption of CogLEACH protocol 

in the middle of the simulation is approximately 96% and 97% at the end of the simulation. In ESAC-x protocol, the 

energy consumption approximately 95% in the middle of simulation and 97% at the end of the simulation. The 

proposed FEESA protocol still has the lowest energy consumption by approximately 82% in the middle of the 

simulation rounds and reaches 93% at the end of the simulation. 

The proposed FEESA protocol shows the best results with respect to energy consumption over other examined 

protocols. This improvement is due to cluster formation strategy which maintains both energy efficiency and spectrum 

awareness. The transmission over the available vacant channel ensures the reliability of communication and decreases 

packet loss rate which decreases consumption of energy. 

 
(a)                                                                                         (b) 

Fig.3 Total energy consumption when varying number of rounds (a) when the position of BS is in centre of the 

network field, (b) when the position of BS is outside the network field. 

C. Number of Packets sent to BS 

Fig.4 (a) shows number of packets sent to BS in each round when the position of BS is at the centre of the network 

field. LEACH protocol gives the highest number of packets sent to the BS. CogLEACH protocol gives the lowest 

number of packets. ESAC-x and FEESA protocols give approximate results with a slight advantage for proposed 

FEESA protocol. 

Fig.4 (b) show the number of packets sent to BS in each round when the position of BS is outside of the network field. 

LEACH protocol gives the highest number of packets sent to the BS. CogLEACH protocol gives the lowest number of 

packets. ESAC-x and proposed protocols give approximate results with advantage for FEESA protocol. 

In general, the LEACH protocol gives the best throughput over the other examined protocols due to the high percentage 

of nodes that are involved in sending the packets to BS more than other protocols that effect network lifetime and 

energy efficiency. 

 
(a)                                                                                    (a) 

Fig.4 Number of packets sent to BS when varying number of rounds (a) when the position of BS is in the center of 

network field, (b) when the position of BS is outside the network field. 
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IV. CONCLUSION 

 

This paper developed an Energy Efficient and Spectrum Aware cluster-based routing protocol (FEESA) based on fuzzy 

logic to optimally elect CHs using four fuzzy parameters of distance to BS, remaining energy, node degree and 

spectrum availabilities. The simulation results showed the effectiveness of the proposed protocol in extending network 

lifetime and reducing energy consumption. The improvement is due to optimal selection criteria and the cluster 

formation strategy. However, this paper assumes that clustering takes place at the beginning of simulation, however a 

re-clustering algorithm needs to be developed to take into consideration PU’s activities during simulation rounds.  
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