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Abstract: - Cognitive Radio (CR) has already been proved to provide the better solution for the problem of spectrum insufficiency in 

which every wireless system occupies the limited bandwidth spectrum (LBS) allotting to the licensed users. Sometimes, this LBS is 

empty in a certain place at a certain time that is called as spectrum holes estimated by spectrum sensing (SS). The spectrum sensing is 

the main technique used in cognitive radio and various spectrum sensing techniques are available in the literature such as: energy 

detection (ED), matched filter detection (MFD) and cyclo-stationary feature detection (CFD). In the present work, energy detection-

spectrum sensing (ED-SS) based cognitive radio system has been implemented which can analyze the energy of the spectrum. The 

various fading channels such as additive white gaussian noise (AWGN), Rayleigh, and Nakagami have been incorporated in the present 

work over which the performance of cognitive radio has been analyzed and compared using the ED-SS technique. The experimental 

results show thatt the detection of the presence of primary user signal using proposed ED-SS technique is easier with low computational 

complexities in Cognitive Radio (CR) networks. The present work also demonstrates when the performance of proposed ED-SS 

technique over aforesaid three fading channels are compared, Nakagami-m fading channels exhibits superior improvement in Pd 

compared to Rayleigh and AWGN fading channels  

Keywords: Cognitive Radio (CR); Energy Detection-Spectrum Sensing (ED-SS); Fading Channels; Modern Wireless 

Communications 

1. Introduction 

In the present scenario, wireless services are going to be developed day by day and wideband spectrum has been 

employed extensively due to which spectrum scarcity has become the serious and challenging task for the re-

searchers all around the world. This serious issue has come into the picture due to sustained growth of data rate 

applications. In this regard, CR- networks have been implemented to manage spectrum resources effectively and 

make full use of limited spectrum bands efficiently [1]. Spectrum sensing (SS) for cognitive radio (CR) networks 

enables cognitive users (CUs)/secondary users (SUs) to better access of allocated wideband of primary users (PUs) 
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[2]. SS techniques have broadly been classified in to three categories such as: energy detection (ED), matched 

filter detection (MFD) and cyclo-stationary feature detection (CFD).  

The MFD technique is implemented in the digital domain and requires exact bandwidth, modulation type trans-

mission information and the minimum possible number of samples [3]. Similarly, CFD takes statistical character-

istics of transmitted signals to improve the detection probability of detective model [4]. In the same continuation, 

one of the popular spectrum sensing (SS) techniques is ED and it is based upon non continuous synthetic dataset 

(NCSD) algorithm [5] and the performance analysis of ED algorithm has become an active area of research all 

around the world [6]. 

Firstly, binary hypothesis-testing signal detection over a flat band-limited Gaussian noise channel had been 

adopted by Urkowitz [7]. In the same direction, the ED model was considered by Kostylev and Alouini over 

conventional & multipath fading channels with and without diversity combining like: Rayleigh, Nakagami-q and 

Nakagami-m [8]. The investigations of ED for SS over different communication circumstances are available in 

the literature [9-10].  

On the other hand, as multipath/shadowing effects affect wireless radio propagation, it was necessary to derive 

the adequate fading expressions [11]. In this direction, numerous fading channels/distributions are available in the 

literature [12-14]. Furthermore, some of special classical distributions have been developed by estimating the 

fading parameters α, κ and μ [15]. Further, using ED-SS, the performance of CR-system has also been analyzed 

and compared over various fading channels [16-17].  

The Signal processing in cognitive radio has been explained in [18]. An asymptotic bound for the maximum error 

using the central limit theorem to approximate the distribution of chi square and noncentral chi square random 

variables has been derived and this has been used to calculate the decision probabilities of energy detectors [19]. 

A new approach based on the contour integral representation of the Marcum-Q function and the moment gener-

ating function (MGF) of the signal-to-noise ratio (SNR) has been developed to analyze the performance of the 

energy detector [20-22]. The performance of an energy detector over wireless channels with composite multipath 

fading and shadowing effects modeled by using the K and K_G channel models has been studied in [23]. The 

performance analysis of cognitive radio systems based on energy detection based on power spectral density esti-

mation has been derived and using the periodogram estimate, the derivation of the probabilities of false alarm and 

missed detection has been given [24]. the problem of energy detection of an unknown signal over a multipath 

channel has been addressed [25]. The distributed spectrum sensing and access strategies for opportunistic spec-

trum access (OSA) under an energy constraint on secondary users has been designed [26] and the standardization 

and research in cognitive and dynamic spectrum access networks have been described in the work [27]. 

The variation in detection probability Pd with variation in signal to noise ratio (SNR) and false alarm probability 

Pfa has been explained in [28]. A novel spectrum sensing strategy in an energy efficient manner for selecting the 

most suitable target hole has been proposed [29] and a comparative study with existing spectrum sensing strategies 

in CR networks in a theoretical manner has also been given in [29]. To evaluate the detection performance, the 

area under the ROC curve (AUC) has been derived and evaluated for different multipath fading and shadowing 

conditions [30]. A new algorithm for sensing the spectrum occupancy with ED in n consecutive sensing time slots 

has been described in [31]. The distributed and cooperative spectrum sensing has been discussed in [32] including 

the explanation of Adapt-Then-Combine (ATC) method of diffusion technique. An adaptive double threshold 

cooperative spectrum sensing algorithm based on history energy detection for remedy of lower detection proba-

bility and longer spectrum sensing time has been proposed [33]. In [34], a channel state information (CSI) based 

multiple relay antenna selection and transmit power reduction scheme has been proposed. In this regard, fuzzy 

rule-based system [35-37] and swarm intelligence [38-40] have been investigated. MATLAB simulations reveal 

the effectiveness of the scheme in CR-networks. Rayleigh flat fading channel has been assumed in the given study.  

Being motivated by the aforesaid literature regarding CR, the advantages of ED-SS over other SS techniques and 

various available fading channels, a CR system has been implemented using ED-SS technique. The proposed 

work fulfil the performance requirements for the IEEE802.22 WRAN Standards [41]    
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The rest of the manuscript has been organized as follow: Section 2 illustrates the basic concepts and system mod-

elling. The related details of ED-SS based CR system is given in Section 2.1 which illustrates the basic block 

diagram of ED-SS system, flow chart for the process of energy detection with appropriate notations, definition 

and explanation of all the  considered performance parameters. The details regarding considered fading channels 

are given in Sections 2.2 and 2.3. Section 2.2 elaborates Pd and Pfa over AWGN channel in which an AWGN 

channel is explained along with the supporting mathematical expressions. Section 2.3 describes Pd and Pfa over 

fading channels without diversity along with various supporting mathematical expressions. Section 3 demon-

strates the strong experimental results in depth along with their detailed discussions. Section 3.1 gives the study 

about the performance of ED-SS based CR over AWGN channel, Section 3.2 provides the performance of ED-

SS based CR over Rayleigh Channel and the Performance of ED-SS based CR over Nakagami fading channel is 

given in Section 3.3. The results have been obtained using MATLAB simulation, barchart representation and 

tables. The overall work is concluded in Section 4 followed by references.      

2. Research Background (Basic Concepts and System Modelling) 

There are some basic concepts related to the present work have been given below: 

2.1. ED-SS 

It has already been found that ED has proved itself better over other techniques since it is simple, ease of signal 

processing, low complex and robust to variations of primary signal because there is no need of prior information 

of primary signal [16]. Depending on the energy of the observed signal, present or absent of primary signal is 

decided by treating the primary signal as noise. Mostly ED is used for wide-band spectrum sensing (WBSS) [18]. 

The process of Energy Detection is shown in Fig. 1(a) in which the primary signal is treated as noise by an energy 

detector (ED). The presence or absence of the primary signal is decided by ED depending upon the energy of the 

observed signal. The ED is robust to the variation of the primary signal s ince it does not need any a prior 

knowledge of the primary signal. 

 

Figure1(a). Flowchart for the process of energy detection 
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The ED is mainly assigned a predefined energy threshold, λ and its value is used to measure the following three 

factors which appraise the performance of the detector:  

The probability of false alarm, Pfa, 

The probability of detection, Pd and  

The probability of missed detection 𝑃𝑚𝑑= 1 - 𝑃𝑑 

ED-SS can be understood by Fig. 1. In Fig. 1, the integrator provides the received signal energy after filtration 

during time duration T  which  tests both,  H0 and H1 [19]. Therefore, three important cases have been 

observed such as: Probability of Detection (Pd), Probability of Missed-Detection (Pmd) and Probability of False 

Alarm (Pfa). 

The received signal follows a two-hypothesis given below [20]. 

  r(t) ={
𝑛(𝑡)                        ∶        𝐻0
ℎ ∗ 𝑠(𝑡) + 𝑛(𝑡)      ;       𝐻1

                          (1) 

Where,  

r(t) ; Signal received by SU 

s(t) ; Signal transmitted by PU 

n(t) ; AWG-Noise 

h ; The amplitude gain of the channel [21-22] 

Y ; The output of Integrator; follows the non-central chi-square 

(CS) distribution [19] 

H0, H1 ; The threshold detector’s output 

   

 

Figure1. Block diagram of ED-SS 
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Figure 2. Model of AWGN Channel 

 

The output of integrator Y is defined as: 

                            Y≜
2

𝑁0
∫ 𝑟2(𝑡)
𝑇

0
𝑑(𝑡)                             (2) 

                           y~ {
𝜒𝑁
2       ;   𝐻0

𝜒𝑁
2 (2𝛾);     𝐻1

                                (3)                                                    

where 𝜇 = 𝑎𝛾. Given 𝐻0, 𝑦 will be the sample value of Y and it will be central CS distribution. For the present 

study,    𝜎2 = 1 and a=2 have been considered which yields PDF of Y as: 

         𝑓𝑌(𝑦) =

{
 
 

 
 1

𝜎22𝑁 2⁄ Γ(𝑁 2⁄ )
𝑦𝑁 2−1⁄ 𝑒

−
𝑦

2𝜎2,;           𝐻0

1

2𝜎2
(
𝑦

𝑎𝛾
)

𝑁−2

4
𝑒

−
𝑎𝛾+𝑦

2𝜎2
𝐼
𝑁 2−1(

√𝑎𝛾𝑦

𝜎2
)        ∶       𝐻1⁄

    

     (4) 

Where Γ(. ) and IV(. ) are Gamma and first kind modified Bessel Function of Vth order, respectively [19]. 

An energy threshold: λ is defined for energy detector whose value evaluates its performance which in turn corre-

sponds three cases of probabilities as previously discussed called: 𝑃𝑓𝑎,  𝑃𝑑 and  𝑃𝑚𝑑  = 1−𝑃𝑑   [23]. Where,              

                     𝑃𝑓𝑎= 𝑃𝑟(𝑦 >  𝜆 |𝐻0)                                 (5) 

                  𝑃𝑑  =  𝑃𝑟(𝑦 >  𝜆 | 𝐻1)                                (6) 

2.2. Pd and Pfa over AWGN Channel 

A simplest RF environment for wireless communication system is AWGN channel (Fig. 2) in which h=1 

corresponds no fading/shadowing effect on the signal.  

In this model, a White Gaussian noise having a zero mean is added to the signal as shown in Fig. 2. The noise is 

usually assumed to be white over the bandwidth of concern, i.e., the samples of the noise process are uncorrelated 

with each other. Noise has an auto-correlation function given by 
𝑁0

2
𝛿(𝑡), where 𝛿(𝑡) is the Dirac-delta function 
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or, homogenously, it has a flat two-sided power spectral density. For fixed satellite communication, in which there 

is a direct line-of-sight path between the transmitter and satellite. 

For AWGN channel, Pd and Pfa are derived by the following expressions: 

 

                                       𝑃𝑓𝑎 =

 (N 2 ⁄

2σ2

)

 (N 2⁄ )
                              (7) 

 

                             𝑃𝑑 = 𝑄𝑁 2⁄ (√
𝑎𝛾

𝜎2
, √

𝜎2
)                       (8) 

Where, Gamma  (a) function is defined as: 

                              (t) = ∫ 𝑥𝑡−1𝑒−𝑥𝑑𝑥
∞

0
                           (9) 

and generalized Marcum Q function ; 𝑄𝑁 2⁄  is given as [24]: 

     𝑄𝑀 (a, b) = ∫ 𝑥 (
𝑥

𝑎
)
𝑀−1∞

𝑏
 exp (−

𝑥2+ 𝑎2

2
) 𝐼𝑀−1 (ax) dx                      (10) 

2.3. Pd and Pfa over Fading Channels Without Diversity Channel 

In the present work, two kinds of fading channels have been considered for the sake of performance analysis of 

ED-SS based CR system such as: Nakagami-m and Rayleigh fading channels. It has been assumed that 𝑃𝑓𝑎  is 

free from SNR which corresponds that Pfa is same in this case as in AWGN channel. The PDF of SNR over 

Nakagami-m channel is defined as:  

        𝑓𝑁𝑎𝑘(𝛾) =
1

Γ(𝑚)
(
𝑚

�̅�
)
𝑚

𝛾𝑚−1𝑒𝑥𝑝 (
−𝑚𝛾

�̅�
) , 𝛾 = 0              (11)                                                   

    Where,  

        𝑚 ; Nakagami parameter and 

      �̅�  ; Average SNR.  

The average Pd denoted as 𝑃𝑑̅̅ ̅𝑁𝑎𝑘  for a Nakagami-m channel is given as [25] : 

             𝑃𝑑̅̅ ̅𝑁𝑎𝑘 = 𝐴1 + 𝛽
𝑚𝑒

−𝜆

2𝜎2 ∗ ∑
(
𝜆

2𝜎2
)
𝑖

𝑖!

𝑁 2−1⁄
𝑖=1 𝐹1 (𝑚; 𝑖 + 1; 

𝜆(1−𝛽)

2𝜎2
)               (12) 

Where 𝛽 =  
(2𝑚𝜎2)

(2𝑚𝜎2 + 𝑎�̅�)
𝐹1 (𝑚;𝑖) is a confluent hyper geometric function [25], and for integer m, A1 has been 

defined as: 
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        𝐴1=𝑒
− 𝛽

2𝑚𝜎2 [𝛽𝑚−1𝐿𝑚−1 (
− (1−𝛽)

2𝜎2
) + (1 − 𝛽)∑ 𝐿𝑖 (

− (1−𝛽)

2𝜎2
)𝑚−2

𝑖=0 ]              (13) 

Where 𝐿𝑖(. ) is called as the lagurre polynomial of degree i. 

The average Pd  over Rayleigh fading channel �̅�𝑑  𝑅𝑎𝑦 may be obtained using by-product of the above result 

(taking  𝑚 = 1   in (10 & 11)). It is given as: 

𝑃𝑑̅̅ ̅𝑅𝑎𝑦 = 𝑒
−𝜆 2𝜎2⁄ ∑

(
𝜆

2𝜎2
)
𝑖

𝑖!
+ (

2𝜎2+𝑎�̅�

𝑎�̅�
)
𝑁
2⁄ −1

∗ [𝑒
−𝜆

2𝜎2+𝑎�̅� − 𝑒−𝜆 2𝜎2⁄ ∑
(

𝜆𝑎�̅�

2𝜎2(2𝜎2+𝑎�̅�)
)
𝑖

𝑖!

𝑁

2
−1

𝑖=0
]𝑁 2−1⁄

𝑖=0   (14) 

3. Results and Discussions 

The performance of SS techniques has been examined by the Pd, Pfa, Pmd = 1-Pd and ROC [26]. MATLAB of 

version 7.10.0 (R2010a) has been used to perform simulation work for three different fading channels considered 

above. The performance of receiver has been described by ROC curves for different values of Pfa, Pd and SNR 

[27]. 

3.1. Performance of ED-SS based CR over AWGN Channel  

Here, the performance of ED-SS based CR over AWGN channel is evaluated on the basis of the behavior of the 

Pd along with the variation in SNR (dB) at different values of Pfa.. In the present work, two cases of time bandwidth 

factor N (N=1000 and N=5000) have been considered for the sake of analysis of ED-SS based CR system using 

ROC.  

The receiver operating characteristic (ROC) curve is basically a plot of test sensitivity as the y coordinate versus 

its 1-specificity or false positive rate (FPR) as the x coordinate. This is and effective method  of evaluating the 

quality or performance of the scheme presented here (ED-SS}. The ROC analysis is a prerequisite for the correct 

use and interpretation of the results that it provides.  

3.1.1. Case-I: N=1000 

For this purpose, N=1000 is considered for obtaining the performance of ED-SS based CR system. The simulation 

results of variation in Pd with SNR for Pfa=0.01, 0.05 and 0.1 have been given in Table-II which depicts the 

following observations: 

Table 1. Variation of Pd with Variation in Pfa in ED-SS based CR for AWGN Channel 

SNR 

(dB) 

Pd  

 at 

 𝑷𝒇𝒂=0.01 

Pd  

at  

𝑷𝒇𝒂 = 0.05  

Pd  

at 

 𝑷𝒇𝒂=0.1 

% Imp. (10% 

 increase  

in Pfa) 

-20 0.0795 0.1762 0.2495 68.13 

-19 0.0890 0.1921 0.2685 66.85 

-18 0.1021 0.2131 0.2937 65.23 
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-17 0.1198 0.2412 0.3261 63.26 

-16 0.1454 0.2788 0.3685 60.54 

-15 0.1817 0.3291 0.4235 57.09 

-14 0.2341 0.3966 0.4936 52.57 

-13 0.3089 0.4838 0.5808 46.81 

-12 0.4128 0.5921 0.682 39.47 

-11 0.5484 0.7151 0.7898 30.56 

-10 0.7044 0.8354 0.8868 20.58 

-9 0.8506 0.9287 0.9550 10.98 

-8 0.9496 0.9802 0.9888 3.92 

-7 0.9907 0.9971 0.9986 0.8 

-6 0.9991 0.9999 0.9999 0 

-5 1 1 1 0 

-4 1 1 1 0 

-3 1 1 1 0 

-2 1 1 1 0 

-1 1 1 1 0 

0 1 1 1 0 

 

Figure 3. ROC for the variation in Pd with variation in SNR at Pfa =0.01 and N=1000 

For the same value of Pfa, the Pd increases with increase in SNR (dB). After SNR=-5dB, the Pd becomes unity and 

there is no change with change in SNR for constant Pfa. The Pd will increase with increase in Pfa at constant SNR 

over AWGN channel and percentage improvement in Pd with 10% increase in Pfa (from 0.01 to 0.1) at constant 

SNR has also been shown in table I. The variation of % improvement (for 10% increase in Pfa) with the variation 

of SNR has been shown in Fig.7. The results of ROC can be seen in Figs. 3-5 for Pfa=0.01, 0.05 and 0.1 and the 

overall comparison curve has also been shown in Fig. 6. 

3.1.2. Case-II: N=5000 
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In case II,  N=5000 has been considered for obtaining the performance of ED-SS  based CR system. Table-III 

shows the simulation results of fluctuation in Pd with SNR for Pfa=0.01, 0.05, and 0.1, with the following results: 

For the same value of Pfa, the Pd increases with increase in SNR (dB) as in Case-I. After SNR=-11dB, the Pd 

becomes unity and there is no change with change in SNR for constant Pfa.  

 

Figure 4. ROC for the Variation in Pd with Variation in SNR at Pfa =0.05 and N=1000 

 

Figure 5. ROC for the variation in Pd with Variation in SNR at Pfa =0.1 and N=1000 
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Figure 6. Comparative ROC for the Variation in Pd with Variation in SNR at N=1000 

 

Figure 7. The variation of % improvement (for 10% increase in Pfa) with the variation of SNR (N=5000) 

The Pd will increase with increase in Pfa at constant SNR over AWGN channel and percentage improvement in Pd 

with 10% increase in Pfa  (from 0.01 to 0.1) at constant SNR has also been shown in Table-III. The variation of % 

improvement (for 10% increase in Pfa) with the variation of SNR has been shown in Fig.12. The results of ROC 

can be seen in Figs. 8-10 for Pfa=0.01, 0.05 and 0.1 and the overall comparison has also been shown in Fig. 11. 

From Table-1 and Table-II, a comparison for N=1000 and N=5000 over AWGN channel can be given as follows: 

It is clear that if the number of samples are increased, Pd  will increase with increase in Pfa for the same SNR 

which yields the better performance of ED-SS based CR system for more number of samples. Pd reaches to unity 

very fast for more number of samples as compared to less number of samples with SNR . For example, Pd =1 for 

SNR=-9 dB for N=5000 and Pd =1 for SNR=-5 dB for N=1000 i.e. Pd reaches to 1 very fast with SNR for more 

number of samples as compared to less number of sample. The variation of % Improvement in Pd  for N=1000 

and N=5000 with the variation in SNR for 10 % increase in Pfa (Pfa=0.01 to 0.1) has been shown in Fig. 13.  

Table 2. Variation of PD  with variation in SNR at different PFA in ED-SS based CR for AWGN channel 

(N=5000) 

SNR 

(dB) 

Pd  

 at 

 𝑷𝒇𝒂=0.01 

Pd  

 at  

 𝑷𝒇𝒂 =0.05 

Pd 

at 

 𝑷𝒇𝒂=0.1 

%  Imp. (10% 

increase 

in Pfa) 

-20 0.1286 0.2556 0.3439 62.60 

-19 0.1581 0.2992 0.3924 59.70 

-18 0.2006 0.3575 0.4555 55.96 

-17 0.2626 0.4357 0.5356 50.97 

-16 0.3524 0.5362 0.6334 44.36 

-15 0.4754 0.6574 0.7436 36.06 

-14 0.6301 0.7868 0.8516 26.00 

-13 0.7939 0.8995 0.9362 15.19 
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-12 0.9221 0.9696 0.9829 6.18 

-11 0.9846 0.9956 0.9979 1.33 

-10 0.9989 0.9998 0.9999 0.1 

-9 1 1 1 0 

-8 1 1 1 0 

-7 1 1 1 0 

-6 1 1 1 0 

-5 1 1 1 0 

-4 1 1 1 0 

-3 1 1 1 0 

-2 1 1 1 0 

-1 1 1 1 0 

-0 1 1 1 0 

 

Figure 8. ROC for the variation in Pd with variation in SNR at Pfa =0.01 and N=5000 

 

Figure 9. ROC for the variation in Pd with variation in SNR at Pfa =0.05 and N=5000 
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Figure 10. ROC for the variation in Pd with variation in SNR at Pfa =0.1 and N=5000 

 

Figure 11. Comparative ROC for the variation in Pd with variation in SNR at N=5000 
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Figure 12. The variation of % improvement (for 10% increase in Pfa  with the variation of SNR (N=5000) 

 

Figure 13. Variation of % Improvement in Pd for N=1000 and N=5000 with the variation in SNR for 10 % 

increase in Pfa  (Pfa=0.01 to 0.1) 

3.2. Performance of ED-SS based CR over Rayleigh Channel  

The ROC of ED-SS based CR system over Rayleigh fading channel can be seen in Fig. 14 and Table 4. Fig. 14 

shows the variation of Pd with the variation in Pmd at different SNR over Rayleigh fading channel. From Fig. 14 

and Table-IV, it has been found that For a fixed value of Pfa, Pd will increase with increase in SNR, i.e. detector’s 

performance increases with increase in SNR, For SNR=0 dB, 5 dB and 10 dB, the Pd  reaches up to 1 when the 

value of Pmd is also 1 while for SNR =15 dB, the Pd up 1 at Pmd=0.0891. The % improvement in Pd  with the 

variation of Pfa for 15% increase in SNR (0 dB to 15 dB) has also been shown in Fig. 15. 

3.3. Performance of ED-SS based CR over Nakagami Fading Channel   

The ROC of ED-SS based CR system over Nakagami-m fading channel can be seen in Fig. 16 in which the 

variation in Pmd has been shown with the variation in Pfa at SNR=15 dB for different values of Nakagami Factor 

m (m=1-4). From Fig. 16, it has been observed that Pmd decreases as m increases, i.e. the performance of ED-SS 

based CR system increases when m increases. 

Table 3. Variation of PD with variation in PFA in ED-SS based CR at different SNR over Rayleigh fading chan-

nel 

Pfa Pd  at   

SNR = 0dB 

Pd  at   

SNR= dB 

Pd  at SNR 

= 10dB 

Pd at SNR= 

15dB 

% Imp.   

0.0001 0.0004 0.0042 0.1317 0.9757 99.95 

0.0002 0.0007 0.0062 0.1627 0.9822 99.92 

0.0004 0.0015 0.0098 0.2075 0.9881 99.84 

0.0007 0.0026 0.0158 0.2616 0.9924 99.73 
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0.0014 0.0045 0.0255 0.3256 0.9956 99.54 

0.0016 0.0051 0.0274 0.3372 0.9958 99.48 

0.0028 0.0084 0.0404 0.3994 0.9976 99.15 

0.0056 0.0151 0.0634 0.4824 0.9988 98.48 

0.0063 0.0167 0.0683 0.4968 0.9989 98.43 

0.0112 0.0271 0.0984 0.5727 0.9993 97.28 

0.0224 0.0488 0.1513 0.6669 0.9996 95.11 

0.0251 0.0538 0.1625 0.6827 0.9997 94.61 

0.0447 0.0876 0.2293 0.7604 0.9998 91.23 

0.0891 0.1555 0.3408 0.8468 1 84.45 

0.1000 0.1708 0.3633 0.8600 1 82.92 

0.1778 0.2734 0.4943 0.9191 1 72.66 

0.3548 0.4734 0.6918 0.9705 1 52.66 

0.3981 0.5177 0.7285 0.9767 1 51.76 

1.000 1 1.00 1 1 0 

 

Figure 14. ROC for the variation in Pd with variation in Pfa  at different SNR 

 



J. Electrical Systems 20-7s (2024): 1406-1423 

 

1420 

Figure 15. Variation of % improvement in Pd with Pfa for 15% increase in SNR 

If the ROC of ED-SS over Nakagami fading channel is compared with the ROC for Rayleigh fading channel at 

SNR=15 dB, more decrease in Pd over Nakagami fading channel is found which reveals that ED-SS based CR 

system delivers the better performance over Nakagami fading channel as compared to Rayleigh fading channel. 

Table V shows variation of Pd  with variation in Pfa in ED-SS based CR system at different values of m over 

Nakagami fading channel. 

Table 4 shows that if m increases from 1 to 3, the Pd will also increase and the % improvement in Pd has also been 

shown in Table 4 and Fig. 17. 

 

Figure 16. ROC for the Variation in Pmd with Variation in Pfa at different values of m for Nakagami fading 

channel 

Table 4. Variation of PD with variation in PFA in ED-SS based CR at different values of M, over Nakagami Fad-

ing Channel 

Pfa Pd For  m=1 Pd   for m=2 Pd  For m=3 %  Imp. 

0.0001 0.8439 0.9490 0.9801 13.89 

0.0002 0.8511 0.9531 0.9823 13.35 

0.0004 0.8600 0.9579 0.9847 12.66 

0.0007 0.8692 0.9627 0.9870 11.93 

0.0014 0.8787 0.9673 0.9891 11.16 

0.0016 0.8803 0.9680 0.9895 11.03 

0.0028 0.8886 0.9717 0.9911 10.34 

0.0056 0.8990 0.9761 0.9929 9.45 

0.0063 0.9008 0.9768 0.9931 9.29 

0.0112 0.9099 0.9802 0.9945 8.50 

0.0224 0.9214 0.9842 0.9959 7.48 

0.0251 0.9234 0.9848 0.9961 7.29 
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0.0447 0.9336 0.9879 0.9971 6.37 

0.0891 0.9468 0.9914 0.9981 5.14 

0.1000 0.9491 0.9920 0.9983 4.93 

0.1778 0.9611 0.9946 0.9989 3.78 

0.3548 0.9766 0.9973 0.9995 2.29 

0.3981 0.9793 0.9977 0.9996 2.03 

1.000 1.000 1 1 0 

 

Figure 17. Variation of % improvement in Pd with Pfa for m=1 to 3 

4. Conclusion  

In the present work, energy detection-spectrum sensing (ED-SS) based cognitive radio system has been imple-

mented. The energy of the spectrum and the performance of the considered ED-SS technique have been analyzed 

and compared over three fading channels: AWGN, Rayleigh and Nakagami-m fading channels. The performance 

of ED-SS technique over the mentioned fading channels has been examined by ROC in which the performance 

parameters: Pd, Pfa, and Pmd = 1-Pd  are considered. In the study of performance of ED-SS based CR over AWGN 

channel, the variation in Pd along with the variation in SNR (dB) at different values of Pfa for two cases of time 

bandwidth factor N (N=1000 and N=5000) has been studied. In the performance of ED-SS based CR system over 

Rayleigh fading channel, the variation of Pd with the variation in Pmd at different SNR has been studied and in the 

performance of ED-SS based CR system over Nakagami-m fading channel, the variation in Pmd with the variation 

in Pfa at SNR=15 dB for different values of Nakagami Factor m (m=1-4) has been studied. The % improvement 

in Pd for different aforesaid parameters have also been shown using bar chart representation. The above perfor-

mance study shows that the detection of the presence of primary user signal using proposed ED-SS technique is 

easier with low computational complexities in Cognitive Radio (CR) networks. The present work also demon-

strates when the performance of proposed ED-SS technique over aforesaid three fading channels are compared, 

Nakagami-m fading channels exhibits superior improvement in Pd compared to Rayleigh and AWGN fading 

channels 



J. Electrical Systems 20-7s (2024): 1406-1423 

 

1422 

Author Contributions: Resources, V.S.; Review, A.K.S.; Resources, Review, K.U, MIBA, AUR, GK ,WA.; 

Formal analysis, AUR; Visualization, K.U, MIBA; Software Methodology, FKA.; Writing—original draft, A.K.S 

and K.U AUR,GK,WA; All authors have read and agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: All data are made available in the manuscript. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. D. Bera, I. Chakrabarti, S. S. Pathak, “Aanother look in the analysis of cooperative spectrum sensing over Nakagami-m 

fading channels,” IEEE Transactions on Wireless Communications, vol. 16, no. 2, pp. 856-871, 2017.  

2. S. K. Sharma, T. E. Bogale, S. Chatzinotas, “Cognitive radio techniques under practical imperfections: A survey,” IEEE 

Communications Surveys and Tutorials, vol. 17, no. 4, pp. 1858-1884, 2015.  

3. D. Cabric, A. Tkachenko, R. W. Brodersen, “Spectrum sensing measurements of pilot, energy, and collaborative detec-

tion,” Proceedings of the 2006 Military Communications Conference (MILCOM), Washington. DC, USA, pp. 1-7, 2016.  

4. A. A, Hammadi, O. A, hussein, P. C. Sofotasios, “Uunified analysis of cooperative spectrum sensing over composite 

and generalized fading channels,” IEEE Transactions on Vehicular Technology, vol. 65, no.9, pp. 6949-6961,2016.  

5. E. Chatziantoniou, B. Allen, V. Velisavljevic, “Energy detection-based spectrum sensing over two-wave with diffuse 

power fading channels,” IEEE Transactions on Vehicular Technology, vol. 66, no.1, pp.  868-874, 2017.  

6. A. Bagheri, P. C. Sofotasios, T. A. Tsiftsis, “Energy detection-based spectrum sensing over enriched multipath fading 

channels,” Proceedings of 2016 IEEE Wireless Communications and Networking Conference, Doha, Qatar, pp. 1-6, 

2016.  

7. H. Urkowitz “Energy detection of unknown deterministic signals,” Proc IEEE, vol. 55, no.4, pp. 523-531, 1967. 

8. A. Bagheri, P. C. Sofotasios, T. A. Tsiftsis, “Spectrum sensing in generalized multipath fading conditions using square-

law combining,” Proceedings of 2015 IEEE International Conference on Communications (ICC): 2015, London, Eng-

land, pp. 7528-7533, 2015.  

9. L. Mohjazi, D. Dawoud, P. Sofotasios, “Unified analysis of cooperative spectrum sensing over generalized multipath 

fading channels,” Proceedings of 2015 IEEE 26th Annual International Symposium on Personal, Indoor, and Mobile 

Radio Communications (PIMRC), Hong Kong, China, pp. 370-375, 2015. 

10. H. R. Alhennawi, M. H. Ismail, H. A. M. Mourad, “Performance evaluation of energy detection over extended general-

ised-K composite fading channels,” Electronics Letters, vol. 50, no. 22, pp.1643-1645, 2014.  

11. P. C. Sofotasios, S. Freear, “The α - κ - μ/gamma distribution: A generalized non-linear multipath/ shadowing fading 

model,” Proceedings of 2011 Annual IEEE India Conference, Hyderabad, India, pp. 1-6, 2011 

12. M. D. Yacoub, “The κ-μ distribution and the η-μ distribution,” IEEE Antennas and Propagation Magazine, vol. 49, no. 

1, pp. 68-81, 2007.  

13. T. Aldalgamouni, A. M. Magableh, S. Mater, "Capacity analysis of α − η − μ channels over different adaptive transmis-

sion protocols," IET Communications, vol.  11, no. 7, pp. 1114-1122, 2017 

14. H. Al-Hmood, H. S. Al-Raweshidy, "Unified Modeling of Compositeκ − μ/Gamma,η − μ/Gamma, and α − μ/Gamma 

Fading Channels Using a Mixture Gamma Distribution With Applications to Energy Detection," IEEE Antennas and 

Wireless Propagation Letters, vol. 16, pp. 104-108, 2017. 

15. Li B., Hou J., Li X., et al, “Deep sensing for space-time doubly selective channels: when a primary user is mobile and 

the channel is flat rayleigh fading,” IEEE Transaction on Signal Processing, vol.  64, no. 13, pp. 3362-3375, 2016. 

16. L.  Huang; C. Qian; Y. Xiao Q.T. Zhang. "Performance analysis of volume-based spectrum sensing for cognitive radio", 

IEEE Transactions on Wireless Communications, vol. 14, no. 1, pp. 317 – 330, 2015  

17. M. Joshi, S.D. Borde,” Comprehensive analysis of various Energy detection parameters in spectrum sensing for cognitive 

radio systems,” IEEE Conference on Electrical Insulation Conference (EIC), 2015 

18. J. Ma, G. Y. Li, and B. H. Juang, “Signal processing in cognitive radio,” Proc. IEEE, vol. 97, no. 5, pp. 805–823,  2009 

19. D. Horgan, C.C. Murphy, "On the Convergence of the Chi Square and Noncentral Chi Square Distributions to the Normal 

Distribution", IEEE Communications Letters, vol. 17, no. 12, pp. 2233 – 2236, December 2013. 

20. S. P. Herath, N. Rajatheva, C. Tellambura, “Unified Approach for Energy Detection of Unknown Deterministic Signal 

in Cognitive Radio Over Fading Channels”, IEEE International Conference on Communications Workshops, 2009. 

21. J. G. Proakis, Digital Communications, 4th ed. New York: McGrawHill, 2001. 

22. S. Haykin, D. J. Thomson, J. H. Reed, “Spectrum Sensing for Cognitive Radio,” vol. 97, no. 5, pp. 849-877, May-2009. 

23. S. Atapattu, C. Tellambura, and H. Jiang, “Performance of an energy detector over channels with both multipath fading 

and shadowing,” IEEE Trans. Wireless Commun., vol. 9, no. 12, pp. 3662–3670, Dec. 2010. 

24. E. H. Gismalla and E. Alsusa, “Performance analysis of the periodogram-based energy detector in fading channels,” 

IEEE Trans.Signal Process., vol. 59, no. 8, pp. 3712–3721, Aug. 2011. 

25. F. F. Digham, M. S. Alouini, M. K. Simon, “On the energy detection of unknown signals over fading channels,” IEEE 

transactions on communications, vol. 55, no. 1, Jan, 2007. 



J. Electrical Systems 20-7s (2024): 1406-1423 

 

1423 

26. Y. Chen, Q. Zhao, and A. Swami, “Distributed spectrum sensing and access in cognitive radio networks with energy 

constraint,” IEEE Trans. Signal Process., vol. 57, no. 2, pp. 783–797, Feb. 2009. 

27. F. Granelli, P. Pawelczak, R. V. Parsad, K. P. Subbalakshmi, R. Chandramouli, J. A. Hoffmeyer, and H. S. Berger, 

“Standardization and research in cognitive and dynamic spectrum access networks, IEEE SCC41 Efforts and Other Ac-

tivities, ˮ IEEE Communications Magazine, pp. 71-79, January 2020. 

28. I. Sobron, P.S.R. Diniz, W. Martins, “Energy detection technique for adaptive spectrum sensing”, IEEE Transactions on 

Communications, vol. 63, no.3, pp.617-627, 2015 

29. K. Arshid, Z. JianBiao, I. Hanif, R. Munir,”Energy detection based spectrum sensing strategy for CRN”, IEEE Interna-

tional Conference on Artificial Intelligence and Information Systems (ICAIIS), pp.107-112, March 2020 

30. S. K. Yoo, P. C. Sofotasios, S. Cotton, S. Muhaidat, O. S. Badarneh, & G. K. Karagiannidis, “Entropy and energy 

detection-based spectrum sensing over F-composite fading channels”. IEEE Transactions on Communications. pp.1-13, 

2019  

31. C.Viadeanu, A. Marţian and D.C. Popescu, ”Spectrum sensing with energy detection in multiple alternating time slots”, 

IEEE Access, vol.10, pp.38565-38574, 2022 

32. M. Trigka and E. Dritsas,” An efficient distributed approach for cooperative spectrum sensing in varying interests cog-

nitive radio networks”, Journal of Sensors, MDPI, pp.1-30, 2022. 

33. S. Yu, J. Liu, J. Wang and I. Ullah, “Adaptive Double-Threshold Cooperative Spectrum Sensing Algorithm Based on 

History Energy Detection”, Special Issue: Recent Advances in Physical Layer Technologies for 5G-Enabled Internet of 

Things, Hindawi Wireless Communication and Mobile Computing, vol.2020, pp.1-12, 2020. 

34. K. Sultan, I.M. Qureshi, A. Rahman, B.A. Zafar and M. Zaheer, “CSI Based Multiple Relay Selection and Transmit 

Power Saving Scheme for Underlay CRNs Using FRBS and Swarm Intelligence,” International Journal of Applied Me-

taheuristic Computing, vol. 10, no. 3, pp. 1-18, 2019. 

35. A. Rahman, “GRBF‑NN based ambient aware Realtime adaptive communication in DVB‑S2,” Journal of Ambient In-

telligence and Humanized Computing, vol. 2020, no. 1, pp. 1-11, 2022. 

36. A. Rahman, S. Dash and A. Luhanch, “Dynamic MODCOD and power allocation in DVB-S2: a hybrid intelligent ap-

proach,” Telecommunication Systems, vol. 76, no. 1, pp. 49-61, 2020. 

37. A. Rahman, S. Dash, A.K. Luhach, N. Chilamkurti, S. Baek and Y. Nam, “A neuro-fuzzy approach for user behaviour 

classification and prediction,” Journal of Cloud Computing, vol. 8, no. 1, pp. 1-15, 2019. 

38. M. Mahmud, A. Rahman, M. Lee and J.Y. Choi, “Evolutionary-based image encryption using RNA codons truth table,” 

Optics & Laser Technology, vol. 121, ID: 105818, 2020. 

39. S. Dash, A. Abraham and A. Rahman, “Kernel Based Chaotic Firefly Algorithm for Diagnosing Parkinson’s Disease,” 

in Proc. International Conference on Hybrid Intelligent Systems, pp. 176-188, Sehore, India, 2019. 

40. A. Rahman, “Efficient Decision Based Spectrum Mobility Scheme for Cognitive Radio Based V2V Communication 

System,” Journal of Communications, vol. 13, no. 9, pp. 498-504, 2018. 

41. S.J. Shellhammer, “Spectrum Sensing in IEEE 802.22,”Qualcomm Inc., 5775Morehouse Drive,  San Diego, CA 92121 

 

 

 

 

https://www.researchgate.net/journal/IEEE-Transactions-on-Communications-0090-6778
https://www.researchgate.net/journal/IEEE-Transactions-on-Communications-0090-6778

