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ABSTRACT 
The use of Cognitive Radio Network (CRN) for spectrum 

utilization is very beneficial to address scarcity of frequency 

spectrum. It can solve the problem of spectrum scarcity. The 

one of the areas of concern in spectrum sensing is the amount 

of energy that is consumed in spectrum sensing performed by 

unlicensed/secondary users. There are many frame structures 

which are being used for spectrum sensing and they are very 

capable of performing spectrum efficient and energy efficient 

spectrum sensing individually, but it does not fulfill the need of 

modern era where we need a combined spectrum and energy 

efficient spectrum sensing technique. The proposed time 

division based frame structure for multiuser CRN is spectrum 

and energy efficient, it also provides time diversity gain for 

secondary users by allowing collection of sensing results at 

different point of time. The simulation result shows that the 

spectrum utility also increases because of the use of optimal 

decision threshold for final decision at fusion center. The 

results also shows that all the secondary users can‟t be used for 

spectrum sensing because it degrades energy efficiency. So it is 

also optimized that how many secondary users will perform 

energy efficient spectrum sensing. 

General terms 
Spectrum utilization, Cognitive radio networks  

Keywords 
Utility maximization, multi-minislot, spectrum sensing, 
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1. INTRODUCTION 
The increased popularity and utilization of wireless 

communication has created scarcity of frequency spectrum. 

The static spectrum allocation policy by government agencies 

has lead to underutilization of spectrum utilization.  A study by 

FCC (Federal Communication Commission) shows that the 

spectrum utilization varies from 15% to 85% [1] which is 

function of time and geography.  

The CRN is the technology which allows opportunistic 

utilization of unused licensed spectrum to the unlicensed/ 

secondary users in absence of signal of licensed/primary users. 

The secondary users (SU) have capability to sense the 

spectrum [2]. There are different types of frame structures for 

spectrum sensing and SU‟s data transmission in the CRN. The 

basic and conventional frame structures are based on frequency 

and time division techniques but energy consumption is very 

high by the cognitive radio devices [3,4]. We need to design a 

frame structures which is both energy and spectrum efficient. 

The proposed frame structures in this allows energy efficient 

spectrum sensing in multi user Cooperative Spectrum Sensing 

(CSS) in CRN 

 

Fig.1.Spectrum utilization 

2. SPECTRUM SENSING FRAME WORKS 

2.1 Single user time division spectrum 

sensing framework (TDSSF) 
In CRN different types of time division and frequency division 

based spectrum sensing frameworks are used. In Time Division 

Spectrum Sensing Framework (TDSSF) as shown in Fig. 2 [5], 

in sensing time slot the SU senses the spectrum while in data 

transmission time slot it transmits its own data if the primary 

signal detected absent over the complete primary spectrum.  

Sensing Data Transmission

T-ττ

Frame 1 Frame 2 Frame K

   Fig.2 Single user time division spectrum sensing 

framework 

In the frame the frame duration is denoted as T, sensing time is 

denoted as 𝑡𝑠, and data transmission time is denoted as T- 𝑡𝑠. 
Using TDSSF the SU senses the spectrum periodically in every 

frame. The periodic spectrum sensing and leads to regular 

interruption in SU‟s data transmission in absence of primary 

signal.  

2.2 Single user frequency division spectrum 

sensing framework (FDSSF) 
The continuous sensing of the PU‟s spectrum improves 

spectrum detection probability. Therefore, to alleviate the SU 

interruption during its data transmission using TDSSF and to 

improve spectrum detection probability, the PU frequency band 

is divided into two sub bands, one for opportunistic SU data 

transmission, and the other for continuous spectrum sensing [6] 

as shown in Fig. 3. The average SU transmission delay is 

reduced by selecting the proper bandwidth for spectrum 
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sensing within each frame. Since different SUs may have 

different requirements on their quality of services, so the 

achievable average SU throughput is maximized by choosing 

the optimal sensing bandwidth within multiple adjacent frames.
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Fig.3. Single user Frequency division spectrum sensing 

framework 

2.3 Conventional multi-user cooperative 

spectrum sensing system model 
The Fig.4 shows the conventional frame structure used in 

cooperative spectrum sensing there are three blocks, sensing 

block, reporting block, and data transmission block.  The frame 

duration is T, sensing time is ts, and reporting time is tr. All the 

secondary users sense in the sensing block and send their 

results to fusion center one after one. If fusion center takes 

decision that the primary user is present they initiate data 

transmission otherwise they start sensing again [7, 8, 9]. 

Sensing Time
Reporting 

Time
Transmission Time

SU 1 SU 2 SU 3 SU N. . . . . . . . . . . . . . .

   ts

 tr  tr
 tr  tr

FRAME

           Fig, 4 conventional cooperative sensing system 

model 

2.4 Proposed multi-user cooperative 

spectrum sensing system model 
In proposed cooperative spectrum sensing frame structure the 

reporting time of one secondary user is used as the sensing 

time for other secondary user it helps in improving spectrum 

efficiency, it was not the case with conventional frame 

structure based spectrum sensing. 

 The frame structure of new cooperative sensing frame 

structure is shown in the Fig.5 [10]. The focus in this frame 

structure is to increase the sensing time for achieving greater 

spectrum efficiency without additional time overhead and this 

can be done by utilizing the reporting block for sensing 

purpose. To do this secondary users have to sense and report to 

the fusion center at the same and use reporting time of  one 

secondary  for sensing of all other secondary users . By doing 

this we have (N-1)tr  reporting time in m frame and  ts reporting 

time in m+1 frame for performing spectrum sensing this results 

in greater spectrum efficiency because  sensing results are 

sampled for long time.  

The energy detection and decision fusion are used in 

cooperative spectrum sensing to optimize utility function. In 

cognitive spectrum sensing using decision fusion all secondary 

users take their own decision and send single bit decision to the 

fusion Center .The fusion Center collects all single bit 

decisions and uses them to take the final decision .The final 

decision is also depends on the fusion rule used.  
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  Fig. 5 New frame structure for CSS 

3. MATHEMATICAL ANALYSIS 

3.1 Single user spectrum sensing 
The signal Vi (n) received by ith secondary user can be 

formulated as given in eq. (1) [11]. The presence and absence 

of primary signal is distinguished by differentiating the 

hypothesis   H0 (primary user is absent) and H1 (primary user is 

present)              

Vi (n) =   
εi n ,                    H0

hi s n  + εi n ,           H1
     
                                        (1) 

Where n = 1, 2,….., u, u is number of samples collected by 

secondary users of received signal while sensing. It is the 

product of sensing time 𝑡𝑠 and sampling frequency fs.  And s(n) 

is the primary user signal, Ɛi(n) is noise and identically 

distributed and assumed to be independent , real valued 

Gaussian variable zero mean variance  Ε |𝜀(𝑖 ) (𝑛)|2 = 𝜎2 .hi 

is channel gain .   

Then SNR of primary user at the ith secondary user can be 

expressed as  

𝛾𝑖 =  
 ℎ 𝑖 

2 Ε  𝑠(𝑛) 2 

𝜎2                                                                   (2)    

The decision statistic for energy detection is  

𝑉𝑖 =  
1

𝑢
  𝜈𝑖 (𝑛) 2.𝑢
𝑛=1  the sub script i can be omitted because 

primary user signal is considered to be i.i.d [12]. for large 𝑡𝑠fs 

using central limit theorem, we have  

𝑉 ∼   

Ν  𝜎2,
2𝜎4

𝑡𝑠𝑓𝑠
 ,                               𝐻0

Ν  𝛾 + 1 𝜎2 ,   
2 2𝛾+1 𝜎4

𝑡𝑠𝑓𝑠
 ,        𝐻1         

                      (3) 

Then probability density function can be written as 

fV (v) = 
 𝑡𝑠fs

2σ2 π
e
−
𝑡𝑠fs (ν−σ2)2

4σ4 ,     H0                                         (4) 

fV(v)=
 𝑡𝑠fs

2σ2 π(2γ+1)
e
−
𝑡𝑠fs [ν− γ+1 σ2]2

4(2γ+1)σ4 ,     H1                      (5) 

Then the probability of detection and probability of false alarm 

can be determined by [13]. 
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𝑝𝑓 = P 𝑉 > 𝜆 𝐻0
     =  𝑓𝑉 𝐻0

  𝜈 𝑑𝑣 = 𝑄   
𝜆

𝜎2
− 1  

𝑡𝑠𝐟𝐬

2
 

∞

𝜆
       (6)                   

𝑝𝑑 = P 𝑉 > 𝜆 𝐻1
     =  𝑓𝑉 𝐻1

  𝜈 𝑑𝑣 = 𝑄   
𝜆

𝜎2
− 𝛾 − 1  

𝑡𝑠𝐟𝐬

2(2𝛾+1)
 

∞

𝜆
       (7)          

Where 𝜆 is energy detection threshold, Q(.) is the function 

defined as 𝑄 𝑥 =  
1

 2𝜋
 𝑒− 

 𝑡2

2
∞

𝑥
𝑑𝑡. The probability of false 

alarm should be as low as possible and probability of detection 

should be as high as possible for greater spectrum efficiency. 

The energy consumed by secondary users should be low for 

energy efficiency. Considering all three factors the economical 

utility function is defined as [10]. 

𝑈1 = p(𝐻0)(1-pf)
𝑇−𝑡𝑠

𝑇
𝜙1 − p 𝐻1  1 − pd 

𝑇−𝑡𝑠

𝑇
𝜙2 −

𝑡𝑠

𝑇
𝜙3                   (8)                                  

Where p(H0) is the probability that primary user is absent and 

p(H1) is the probability that primary user is present, the first 

part is related to spectrum efficiency, the second part is related 

to the disadvantage of missed detection due to the interference 

caused by secondary user to primary user, and the third and last 

part is related to the cost of energy consumed. 

The maximum utility can be achieved by optimizing the 

threshold 𝜆. The optimal threshold can be given by [14]  

 𝜆opt    =  arg𝜆  max𝑈1                                                      (9) 

When 
𝜕𝑈1

𝜕𝜆
 =0. 

By deriving expression for   
𝜕𝑈1

𝜕𝜆
    , we have 

 
𝜕𝑈1

𝜕𝜆
=  −p 𝐻0 

𝑇−𝑡𝑠

𝑇
𝜙1 .

dp f

dλ
+ p H1 

𝑇−𝑡𝑠

𝑇
𝜙2 .

dpd

dλ
              (10) 

Where 

dp f

dλ
    =    −

1

2𝜎2
 
𝑡𝑠𝑓𝑠

𝜋
𝑒−

𝑡𝑠𝑓𝑠
4

  
𝜆

𝜎2 − 1 
2

 (11)                           

dpd

dλ
    =    −

1

2𝜎2  
𝑡𝑠𝑓𝑠

𝜋 2𝛾+1 
𝑒
−

𝑡𝑠𝑓𝑠
4 2𝛾+1 

 
 
𝜆

𝜎2 − 𝛾 − 1 
2

           (12)          

Then optimal threshold can be calculated as 

𝜆opt =
𝜎2

2
  1 +  1 + 2𝛾 +

8(2𝛾+1)

𝛾𝑡𝑠𝑓𝑠
ln

 2𝛾+1p 𝐻0 𝜙1

p 𝐻1 𝜙2
 .             (13)                             

3.2 Multi-minislot cooperative spectrum 

sensing 
Let Φ be the number of secondary users reporting the 

presences of primary user. Then the final decision can be 

expressed as  

If Φ> k decide H1, 

If Φ = k   decide H1 with probability 𝛼 (0≤ 𝛼 ≥ 1), 

If Φ < k decide H0, 

Where k is an integer, and k=1, 2,……………, N is decision 

threshold at the fusion Center. We need to optimize k in such a 

manner that it maximizes the utility function that to without 

introducing additional overhead [15, 16]. 

The probability of false alarm and the probability of detection 

for perfect reporting channel can be given by  

𝑄𝑓   =       𝑁
𝑖
  pf

𝑖𝑁
𝑖=𝑘+1 (1 − pf)

𝑁−𝑖 + 𝛼 𝑁
𝑘
 pf

𝑘(1 − pf)
𝑁−𝑘 ,                (14)                                                                    

𝑄𝑑   =       𝑁
𝑖
  pd

𝑖𝑁
𝑖=𝑘+1 (1 − pd )𝑁−𝑖 + 𝛼 𝑁

𝑘
 pd

𝑘(1 − pd )𝑁−𝑘                (15)                              

When k=N first part of both the equation becomes zero 

In reality it is difficult to have perfect reporting channels there 

may be error in the bits send by secondary users to the fusion 

center so, it should be detected at the fusion center before 

taking the final decision  

Let L is the local decision bit, and D is the received bit by 

fusion center, we have 

P{D=1 L = 0} = P{D = 0  𝐿 = 1} = p𝑒   ,                          (16)                                                                          

P{D=1 L = 1} = P{D = 0  𝐿 = 0} = 1 − p𝑒  ,     (17)                                                                      

 The false alarm and detection probabilities of each SU for 

imperfect reporting channels will be given by 

Pf
 =  1 − 2pe . pf +  pe   ,                                     (18)                                                                           

Pd
   =  1 − 2pe . pd +  pe  ,                                    (19) 

Where pe  is reporting error if reporting error is equal to zero 

the equation (18) and (19) will be equal to (6) and (7) 

respectively                                                        

The secondary users are far away from fusion Center they need 

energy to send their decision to fusion center  .considering the 

optimization of  cooperative spectrum sensing using energy 

detection  to maximize the utility function[1]. The Utility 

function can be defined as [10] 

 𝑈2 = p(𝐻0) (1- 𝑄𝑓)
𝑇−𝑡𝑠−𝑁𝑡𝑟

𝑇
𝜙1 − p 𝐻1  1 − 𝑄𝑑 

𝑇−𝑡𝑠−𝑁𝑡𝑟

𝑇
𝜙2             

−
𝑁𝑡𝑠

𝑇
𝜙3 −

𝑁𝑡𝑟

𝑇
𝜙4                                                                                  (20)                                                

Where first part represents spectrum efficiency, the second part 

represents the disadvantage of missed detection, the third part 

represents the cost of energy used for sensing, and the fourth 

part represents the cost of energy used for reporting to fusion 

center. 𝜙1  , 𝜙2  , 𝜙3 , and    𝜙4  are the price of four 

corresponding parts. 

To get maximum utility  we have to optimize the value of k  

.The value of  or number of secondary users taking part in 

sensing depends on application in we are using it if the energy 

is of greater importance the value of k will be less because as 

number of  cooperating secondary users  increases so ,does the 

sensing cost which degrades energy efficiency .on the other 

hand when spectrum efficiency is of greater  importance  the 

number of  cooperating secondary users  increases because 

more  the number of  cooperating secondary users more 

efficient will be the spectrum sensing which will avoid 

interference to primary user. But as the number of cooperating 

secondary users increased further spectrum efficiency 

decreases because the data transmission time decreases. So, we 

need to optimize the number of cooperating secondary users.  

The maximum utility can be given by [17].  

     𝑈2,max =   𝑁
𝑖
 [𝜃

𝑖=0 p(𝐻0)pf
𝑖(1 − pf)

𝑁−𝑖 𝑇−𝑡𝑠−𝑁𝑡𝑟

𝑇
𝜙1 − 

p 𝐻1 pd
𝑖 (1 − pd )𝑁−𝑖

𝑇−𝑡𝑠−𝑁𝑡𝑟

𝑇
𝜙2]] −

𝑁𝑡𝑠

𝑇
𝜙3 −

𝑁𝑡𝑟

𝑇
𝜙4                       (21)                    
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Then optimum number of cooperating secondary users can be 

given by [17]. 

    Nopt=arg𝑁maxU2,max                                                  (22)                                                                                                                                                                                                                              

4. SIMULATION RESULTS AND 

DISCUSSION 
The computer simulation is required to find out the usefulness 

of proposed cognitive radio frame structure and spectrum 

sensing schemes. So, the simulations have been performed and 

results have been stored. The primary user's signal is BPSK 

modulated signal and it is also assumed that the secondary user 

only transmits when primary user is absent, there is no 

collision among the secondary user, and all secondary users 

have same sensing capability and threshold of energy 

detection. The values of all the parameters are given below in 

the table, only these values will be considered in simulation if 

not mentioned otherwise 

4.1 Simulation parameters 

Table I. List of parameters used 

Sr.no. Name of the 

parameter 

  Symbol Value of 

the  

parameter 

1 Bandwidth(primary 

user signal) 

      _ `10MHz 

2 Sampling  

frequency 

      fs  10MHz 

3 Frame duration      T   20ms 

4 Sensing time      𝑡𝑠   5ms 

5 Reporting time      𝑡𝑟     0.1ms 

6 Variance of noise      𝜎     1 

7 Probability that the 

primary user is 

absent 

   P(H0)    0.5 

8 Probability that the 

primary user is 

present 

    P(H1)      0.5 

4.2 Results and discussion 

Fig.6 The utility U1 versus sensing time ts graph in non-

cooperative single user sensing;   𝝓𝟏 = 𝟔;𝝓𝟐 = 𝟔;𝝓𝟑 = 𝟎. 𝟐 

Fig.6 shows U1 versus sensing time ts graph. The SNR of 

primary user‟s signal received at secondary user is 𝛾 =
−10dB. From the graph it is quite clear that for single user 

spectrum sensing with the increase in sensing time utility 

increases because it results in greater sensing efficiency. When 

we further increase the sensing time the utility starts to 

decrease, the reason for this is the decrease in the data 
transmission time and the increase in the energy consumption. 

The other thing we can see from the graph is that the utility is 

greater for optimized single user spectrum sensing. 

Fig.7. shows the utility U1 versus sampling frequency fs graph .we 

have assumed that the sampling frequency is equal to the primary 

user‟s signal bandwidth, and 𝜙3 which is the cost of energy 

consumed by secondary users for sensing and it is the function of 

sampling frequency. From the graph one can clearly see that 

when we start  increasing sampling frequency the utility function 

increases because it improves sensing efficiency ,but when we 

increase it further the utility starts decreasing ;because  the cost 

of energy consumed by secondary  users for sensing increases. 

The other thing we can see from the graph is that the utility is 

greater for optimized single user spectrum sensing.

Fig.7.Shows  utility U1 versus sampling frequency fs graph in 

non-cooperative single user sensing;  𝝓𝟏 = 𝟔;  𝝓𝟐 = 𝟔; 𝝓𝟑 =
𝟎. 𝟐 

Fig.8 shows utility U1 versus SNR (𝛾) graph. The optimal k 

fusion rule is used to take the final decision.  It is quite clear 

from the graph that the utility remains almost unchanged 

initially for the increase in SNR from -18dB to -12dB, but 

when we increase the SNR further utility starts increasing and 

it becomes constant if we increase the SNR further after -4dB. 

The other thing we can see from the graph is that the utility is 
greater for optimized single user spectrum sensing. 

Fig.8 Shows utility Uq vs SNR (𝜸) graph 𝝓𝟏 = 𝟔;  𝝓𝟐 =
𝟒; 𝝓𝟑 = 𝟎. 𝟐 
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Fig.9 shows the utility U2 versus sampling frequency fs graph 

.we have assumed that the sampling frequency is equal to the 

primary user‟s signal bandwidth, and𝜙3 which is the cost of 

energy consumed by secondary users for sensing and it is the 

function of sampling frequency. From the graph one can 

clearly see that when we start  increasing sampling frequency 

the utility function increases because it improves sensing 

efficiency ,but when we increase it further the utility starts 

decreasing ;because  the cost of energy consumed by secondary  

users for sensing increases. The other thing we can see from 

the graph is that the utility is greater for optimized MSS 

cooperative spectrum sensing 

 

Fig.9 Shows utility U2 versus sampling frequency fs graph  

in non-cooperative single user sensing   𝝓𝟏 = 𝟖;  𝝓𝟐 =

𝟔; 𝝓𝟑 = 𝟎. 𝟐 ; ∅𝟒 = 𝟎. 𝟏  ; N =15 

The optimal k fusion rule is used for taking the final decision. 

Fig.10 shows utility U2 versus SNR (𝛾) graph. It is quite clear 

from the graph that the utility remains almost unchanged 

initially from -18dB to -16dB SNR, but when we increase the 

SNR further from -16dB to -10dB utility starts increasing, 

because the detection of primary user‟s signal becomes easy. It 

becomes constant if we increase the SNR further. The other 

thing we can see from the graph is that the utility is greater for 

optimized single user spectrum sensing. 

 

Fig.10 Shows utility U2 versus SNR (𝜸) graph  𝝓𝟏 =
𝟔;  𝝓𝟐 = 𝟒; 𝝓𝟑 = 𝟎. 𝟐 ; ∅𝟒 =  𝟎. 𝟏; 𝐍 = 𝟏𝟓 

5. CONCLUSIONS AND FUTURE SCOPE 

5.1 Conclusions 
The proposed a time division frame structure for cognitive 

radio  maximizes its utility for both non cooperative single user 

sensing and cooperative spectrum sensing .It is found  that new 

multi-minislots cooperative spectrum sensing scheme provides 

time diversity gain in sensing performance. The use of  fusion 

rule with optimal decision threshold results in greater  

spectrum and energy efficiency in spectrum sensing ,and there 

is an optimal number   of  cooperative sensing users one have 

to find to maximize utility because as the number of 

cooperative spectrum sensing users increases ,the energy 

consumed by them increases ,so ,does the sensing cost which 

degrades energy efficiency. 

5.2 Future scope 
In this paper fixed values of costs  used , if  optimized values 

of costs will be used the utility will be higher because 

optimized values of costs will be less than the fixed values of 

costs used in this paper. 
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