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Abstract 
 
In this paper, performance analysis for optimization of cooperative spectrum sensing (CSS) network in Nakagami-m and 
Weibull fading environments and comparison between them are presented. First, we derive the novel analytic 
expressions for probabilities of missed detection and false alarm for CSS network in both fading channels, assuming 
improved energy detector (IED) and selection combining (SC) diversity at each cognitive radios (CRs). Next, we 
optimize the network parameters such as number of CRs, energy detector arbitrary parameter, and normalized detection 
threshold at CR to obtain the optimal performance of CSS network. The impacts of several network parameters like: 
multiple antennas at each CR, number of CRs in CSS network, Nakagami and Weibull fading parameters, and sensing 
channel SNR on the performance of CSS network are investigated. The performance comparison between conventional 
and improved energy detectors has also been highlighted in this paper. 
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1. Introduction 
 
 Cognitive Radio (CR) concept is best technique for the 
efficient utilization of available radio spectrum. The CR 
users called secondary users (SUs) can utilize the available 
radio spectrum of the primary users (PUs) without 
interfering their operation [1]. Spectrum sensing is an 
important task to decide the vacant frequency bands (or 
spectrum holes) of the spectrum of the PUs. Conventional 
energy detection (CED) technique is one of the detection 
techniques which is used frequently to identify the existence 
of PU by calculating the energy of the received signal. The 
CED is the simplest one, non-coherent in nature, and also 
adds less complexity in a CR network [2]. The single CED 
based CR present in the network may face hidden terminal 
problem so that its performance is limited due to shadowing 
and fading effect exist in the nature. Thesedrawbacks can be 
eliminated by using multiple CRs are used in the network to 
sense the spectrum of a PU reliably is called as (cooperative 
spectrum sensing (CSS)) [3]. The CSS network gives better 
detection probability values though shadowing and fading 
effects are exist in the nature. The improved energy 
detection (IED) scheme is introduced to improve the 
detection probability and to overcome the limitations present 
in the CED scheme [4]. More precisely, the detection 
performance can be further improved significantly by 
replacing CED with IED at each CR in CSS network [5]. 
The IED measures the received signal amplitude (i.e. PU’s 

transmitted signal) with an arbitrary positive power (p).  
 In [6], an experimental approach of IED based spectrum 
sensing for CR is provided. Improved energy detection with 
data/decision fusion schemes are evaluated in [7]. The CSS 
network with IED scheme is considered and optimized 
values of network parameters are calculated using 
optimization technique to minimize the total error rate (It is 
the sum of probability of missed detection and false alarm) 
in [8]. It is necessarily required to optimize the parameters of 
the network to get optimal performance and to minimize the 
complexity of the network. In [9], optimized performance of 
CSS is achieved by optimizing the number of CR users, 
threshold value, and arbitrary power of the received signal in 
Rayleigh fading for single antenna at each CR user. In [10], 
multiple antennas at each CR with IED as detection scheme 
is used in Rayleigh fading channel. Optimization of CSS 
with CED in CR network is considered in [11]. The 
performance of a single CR user based on IED with multiple 
antennas in Rician and Hoyt fading channel is analyzed in 
[12]. However, optimal detection performance is not studied 
in [12]. Optimization of CSS network parameters with IED 
scheme is investigated in AWGN and Rayleigh fading 
channels [13]. The detection performance over ή-λ-µ fading 
distribution is investigated using CED scheme in [14]. 
 It is an important to study optimal detection performance 
of IED based CSS network in Nakagami-m and Weibull 
fading channels because channels have been developed in 
modeling multi-path waves propagating in non-
homogeneous communication environments [15]-[17]. 
Weibull distribution is very flexible in both indoor and 
outdoor communication environments. Both Nakagami-m 
and Weibull distributions include as special cases the well-
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known Rayleigh and exponential distributions for a certain 
fading parameter values. In urban communication 
environments, both the distributions have the capability of 
accounting for propagation if the Rayleigh distribution fails 
e.g., digital enhanced cordless telecommunications (DECT) 
system. However, in spite of the usefulness of the 
distributions, the work related to CSS network with IEDs 
and multiple antennas over such fading conditions 
(Nakagami-m and Weibull) is not reported in the literature. 
This has motivated and the current work is dedicated to the 
analytical performance evaluation of CSS network with 
improved energy detection over Nakagami-m and Weibull 
fading channels. Finally, with this paper, our contributions 
to an existing literature are as follows: 
 

• We derive a novel closed-form expression for missed 
detection probability (𝑃!) with multiple antennas at 
each CR for Nakagami-m and Weibull fading in the 
S-channels. 

• Selection combining (SC) diversity scheme is used at 
each CR to select the maximum value of the received 
signal at all the antennas. Imperfect R-channels 
having an error probability (r) are considered 
between CRs and FC. 

• The closed-form expressions for optimal normalized 
detection threshold (𝜆!,!"#) and IED parameter (𝑝!"#) 
are presented for the case with M = 1 and N = 1 in 
Nakagami-m and Weibull fading channels. The 
parameter (N, 𝜆!, and p) value at which the total 
error rate (𝑄!+𝑄!) is minimum is called optimum 
parameter value. 

• MATLAB based simulations are performed to obtain 
optimal values for higher values of M and N. A pair 
of probabilities of detection (𝑄!) and false alarm 
(𝑄!) at FC for higher values N and M are 
investigated. The optimum values for other network 
parameters also calculated. 

• The impacts of error in the R-channel, fading 
parameters, multiple antennas at each CR, and 
average S-channel SNR on the proposed CSS 
network are investigated. Comparison between CED 
and IED with and without diversity antenna cases is 
also evaluated. 

 
 The remaining sections are organized as follows: Section 
II describes the proposed CSS network model with suitable 
analytical frame work. Section III presents derivations for 
optimization of network parameters such as 𝑁!"#, 𝑝!"#, 
𝜆!,!"#. Simulation results are described in section IV. 
Finally, conclusions are given in section V. 
 
 
2.  Proposed Network Model 
 
This section describes about proposed CSS network model 
and suitable analytical framework to evaluate the network 
performance. The main difference between conventional and 
improved energy detectors is, earlier one operates on 
squaring of the received signal and later one takes the 
arbitrary power (p) of the received signal. With the aid of 
this additional function the detection performance of a CR 
can be improved. Fig. 1 shows the proposed CSS network 
model with N number of CRs, a FC and a PU. Each CR 
consist of multiple receiving antennas (M) and each CR uses 
IED scheme. Both the FC and the PU use single antenna. 

The channel present between PU and CR is called as sensing 
channel (S-channel), through which each CR senses the 
PU’s activity (present or absent) with multiple antennas and 
stores the sensing information with in it for IED operation 
and takes local decision about the PU. We consider 
Nakagami-m or Weibull fading in the S-channels. The 
channel present between CR and FC is called as reporting 
channel (R-channel), through which each CR forwards its 
local decisions to the FC. We considered that an imperfect 
binary symmetric channel (BSC) in R-channel having an 
error probability (r). Next, the FC combines all the decisions 
received from all the CRs through  R-channel with ‘r’ and 
makes the final decision about the PU using OR-logic at FC. 

 
Fig.1 A proposed cooperative spectrum sensing (CSS) network model. 
 
 
 Each CR uses an IED scheme on the signals received by 
multiple antennas to get different signal strengths (test 
statistics) and uses selection combining (SC) diversity to 
select the maximum signal strength. Then, maximum test 
statistics at the output of SC is compared with a 
predetermined threshold (λ) which is set at each CR to 
decide the existence of PU’s activity. To decide the 
existence of PU’s activity, two hypotheses, namely: 𝐻! 
(indicates PU’s absence) and 𝐻! (indicates PU’s presence) 
are assumed in the each CR. The received signal at i-th 
antenna (i = 1….M) in each CR, 𝑦!(t) can be written as: 
 

  
yi (t) =

ni (t)                      : H0

hi *s(t)+ ni (t)       : H1

⎧
⎨
⎪

⎩⎪
      (1) 

 
where s(t) is the PU’s signal with energy 𝐸! and 𝑛!(t) is the 
noise at i-th antenna. Additive white Gaussian noise 
(AWGN) with normal distributed is assumed at each CR. 
Schannel fading coefficient for i-th antenna is denoted as ℎ!. 
It is considered that each CR with multiple antenna contains 
the IED to detect the PU’s activity. The expression for test 
statistics of i-th antenna after performing arbitrary power 
parameter (p) on the received signal is [10]: 
 

  Wi = yi
p          p > 0               (2) 

 
 For p = 2, eq. (2) becomes the test statistics for the CED. 
If the p value is set to be more than 2 i.e., p > 2, eq. (2) 
becomes the test statistics for the IED. Selection combining 
(SC) diversity is operated over all the statistics of ‘𝑤!’ 
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values, selects largest value denoted as Z, and compared 
with predetermined detection threshold ‘λ’ to make decision 
about the PU [10]: 
 

  Z > λ : H1 & Z < λ : H0                  (3) 
 
where λ  can be obtained as  λ = λnσ n

p .           λn  is the 
fixed normalized detection threshold [9]-[10]. The 
probability density function (PDF) for Nakagami-m fading 
channel under hypothesis 𝐻! can be evaluated using [18] as: 
 

 

  

f yi |H1
(x) = 2x

2m−1
p

pΓ(m)
m

Es σ h
2 +σ n

2

⎛

⎝⎜
⎞

⎠⎟

m

exp − mx
2

p

Es σ h
2 +σ n

2

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

       (4) 

The ‘𝑃!’ expression for Nakagami-m fading channel 
(𝑃!,!"#"), can be obtained by using (4) and (5): 
 The missed detection probability (𝑃!) for any fading 
channel is calculated using: 

  
Pm = pr(y < λ | H1) = fwi |H10

λ

∫ (y)dy        (5) 

 

  

=
2x

2m−1
p

pΓ(m)
m

Es σ h
2 +σ n

2

⎛

⎝⎜
⎞

⎠⎟

m

exp − mx
2

p

Es σ h
2 +σ n

2

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

0

λ

∫ dx  

  
= 1
Γ(m)

tm−1 exp −t( )dt
0

−mλ
2

p

Esσ h
2+σ n

2∫     

  

= 1
Γ(m)

γ m, mλ
2

p

Esσ h
2 +σ n

2

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

M

              (6) 

 
where 𝛾( , ) is lower incomplete gamma function. 
 Similarly, the PDF under 𝐻! for Weibull fading channel 
can be evaluated as: 
 

  

fwi |H1
(x) = 2x 2/ p( )−1C

p
Γ(P)

(Esσ h
2 +σ n

2 )
⎡
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⎤
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⎥

*
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⎫
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C⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
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                    (7) 

 
where   

  
C =V

2  , 
  
P = 1+ 1

C    and V- is   Weibull fading 

parameter.  
The ‘𝑃!’ expression for Nakagami-m fading channel 

(𝑃!,!"#), can be obtained by using (7) and (5): 
 

  

=  
2x 2/ p( )−1C

p
Γ(P)

(Esσ h
2 +σ n

2 )

⎡

⎣
⎢
⎢

⎤
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⎥
⎥

x
2

p⎛
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⎞
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Pm = 1− exp − λ
2

PΓ(P)
σ n

2(1+ γ )

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
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⎡
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            (8) 

 

 The ‘𝑃!’ expression for Rayleigh fading channel 
(𝑃!,!"#) can be obtained by substituting either V = 2 in eq. 
(8) or m = 1 in eq. (6) as [12]: 
 

  

Pm = 1− exp − λ
2

P

σ n
2(1+ γ )

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥

M

               (9) 

 

where 
  
γ = Esσ h

2

σ n
2  is average sensing channel SNR. 

 
The above expression is exactly match with [10]. It is well 
known that ‘𝑃!’ expression under any fading channel 
(Rayleigh, Nakagami-m, and Weibull fading) is same as the 
‘𝑃!’ expression for non-fading because ‘𝑃!’ is an 
independent of 𝛾. For non-fading case, ‘𝑃!’ can be derived 
using exponential distribution given in [9], [12] as: 
 

  
Pm = 1− exp −λ 2 p σ n

2( )( )M
      (10) 

 
 The R-channel is assumed to be BSC and an imperfect 
channel with an error probability rate (r). Final values of 
false alarm (𝑄!) and missed detection (𝑄!) probabilities 
with all CRs in CSN network using OR-logic at FC having 
an error rate (r) can be expressed as following [9], [10] 
 

  
Qf = 1− [(1− Pf )(1− r)+ rPf ]N      (11) 

 

  Qm = [Pm(1− r)+ r(1− Pm )]N        (12) 
 

where 𝑃! and 𝑃! are the individual missed and false alarm 
probabilities at each CR. Finally, total error rate value Z(N) 
can be evaluated as: 
 

  
Z(N ) ≅ Qf +Qm                 (13) 

 
 

3. Optimization of Proposed Network Parameters 
 
To get the optimized performance of CSS network, network 
parameters such as N, 𝜆!, and p are to be optimized. In this 
section, the expressions for optimum number of CRs ‘N’ is 
denoted as (𝑁!"#), optimum value of ‘𝜆!’ is denoted as 
(𝜆!,!"#), and finally optimum value of ‘p’ is denoted as 
(𝑝!"#) are derived in the following subsequent subsections. 
 
3.1. Optimization of Number of CR users (N): 
If the CSS network consist of more number of CRs may 
experience large delay while making the decision about the 
PU. So, the large number has to be optimized to know how 
many optimum CRs are significantly utilized for making the 
final decision at FC. The optimum number (denoted as 𝑁!"#) 
of CRs can be calculated for a given values of average SNR, 
p, and ‘𝜆!’ by making    ΔZ(N )  equal to zero. Thus,   ΔZ(N )  
can be calculated as:  
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  ΔZ(N ) = Z(N +1) - Z(N ) = 0  

  

⇒ (1− Pf )(1− r)+ rPf
⎡⎣ ⎤⎦

N

+ [Pm(1− r)+ r(1− Pm )]N+1

− (1− Pf )(1− r)+ rPf
⎡⎣ ⎤⎦

   - Pm(1- q)+ q(1- Pm )⎡⎣ ⎤⎦
N
= 0

     (14) 

 
performing some algebraic analysis and using [11], an 
optimum ‘N’ value can be obtained as 
 

  
Nopt ≅

ln f2(r, Pf , Pm )
ln f1(r, Pf , Pm )

⎡

⎢
⎢
⎢

⎤

⎥
⎥
⎥

          (15) 

 

where .  is the ceiling function. The functions 
  
f1(r, Pf , Pm )

and 
  
f2(r, Pf , Pm )  can be expressed as 

 

  
f1(r, Pf , Pm ) =

Pm(1− r)+ r(1− Pm )
(1− Pf )(1− r)+ rPf

          (16) 

 
  
f2(r, Pf , Pm ) =

2rPf − r − Pf

Pm − 2rPm + r −1
               (17) 

 
where 𝑃! and 𝑃! are the pair of probabilities under any 
fading channel. Hence, 𝑁!"# depends on type of fading, p 
and r. 
 
3.2. Optimization of Normalized Threshold (𝝀𝒏): 
In order to estimate ‘𝜆!,!"#’ value, differentiate eq. (14) with 
respect to ‘𝜆!’ as: 
 

  

∂Z(n)
∂λn

= −N (2q−1) (1− Pf )(1− q)+ qPf
⎡⎣ ⎤⎦

N−1 ∂Pf

∂λn

               + N (1- 2q) Pm(1- q)+ q(1- Pm )⎡⎣ ⎤⎦
N -1 ∂Pm

∂λn

           (18) 

 
where q = N(1-2r). For Nakagami-m fading channel and 
M=1, 

 
∂Pf ∂λn and  ∂Pm ∂λn can be obtained as: 

 

  

∂Pf

∂λn

= − 2
p
λn

(2−p) p exp −λn
(2 p)( )           (19) 

  

∂Pm

∂λn

= 2
Γ(m) pλn

mλn
2 p

(1+ γ )

⎛

⎝⎜
⎞

⎠⎟

m

exp −
mλn

2 p

1+ γ
⎛

⎝⎜
⎞

⎠⎟
    (20) 

 
 The eq. (20) can be minimized by substituting p = 2 and 
m = 2 as   
 

  

∂Pm

∂λn

=
8λn

2(1+ γ )2 exp −
2λn

(1+ γ )

⎛

⎝⎜
⎞

⎠⎟
            (21) 

 
 Substitute (19) and (21) with r = 0:1, N = 1, and M = 1 in 
(18), then, we get a  transcendental equation of the form: 
 

  R −C2 ln(R)−C3 = 0                                    (22) 
 

where  

  
C2 =

(m−1)(1+ γ )
m− (1+ γ )

                            (23) 

 

  
C3 =

(1+ γ ) ln mm

Γ(m)(1+ γ )m

⎛
⎝⎜

⎞
⎠⎟

m− (1+ γ )
               (24) 

 
 For m = 2, eq. (22) can be solved, and finally, 

  
λn,opt ,Nak  

for various values of ‘𝛾’ can be obtained as: 
 

  
λn,opt ,Nak = R p 2                         (25) 

Similar procedure as stated above can be followed to obtain 
an expression for the optimal threshold for Weibull fading 
channel, 

  
λn,opt ,Wei  with r = 0:1, M = 1 and  N = 1 as: 

 

  

λn,opt ,Wei =
Cln 1+ γ( )

Γ(P) 1− 1
1+ γ
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⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥

P
2C

  

(26) 

 
 An alternative expression for optimal threshold in 
Rayleigh fading channel, 

  
λn,opt ,Ray , can be obtained by 

substituting either m = 1 in eq. (25) or C = 1 in eq. (26) as: 

  

λn,opt =
ln 1+ γ( )
γ

1+ γ
⎛
⎝⎜

⎞
⎠⎟

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

p/2

             (27) 

 
 

4. Optimization of IED Parameter (p)    
 

In order to get 𝑝!"# expression in both the fading channels, 
differentiate eq. (14) with respect to ‘p’ as: 

 

  

∂Z(n)
∂p

= −N (2r −1) (1− Pf )(1− r)+ r Pf
⎡⎣ ⎤⎦

N−1 ∂Pf

∂p

               + N (1- 2r) Pm(1- r)+ r(1- Pm )⎡⎣ ⎤⎦
N -1 ∂Pm

∂p

     (28) 

 
 For Rayleigh fading channel with m = 1, 𝑝!"#,!"# can be 
obtained as  
 

  

popt =
2logλ

ln
(1+ γ ) ln(1+ γ )σ n

2

γ

⎛

⎝
⎜

⎞

⎠
⎟

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

        (29) 

 
 For Weibull fading channel, expression for 𝑝!"#,!"# with 
M =N = 1 can be obtained as 
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popt =
2lnλ
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  (30) 

 
 The eq. (30) also provides an alternative expression for 
𝑝!"# for Rayleigh case for C = 1. For large values of m, M, 
and N, solving the eqs. (18) and (28) becomes complex to 
get closed form of expressions for 𝑝!"# and 𝜆!,!"#. 
 
 
4. Results and Discussions 
 
 
In the current section, the numerical results are presented 
and their discussions are provided. The effect of different 
values of the network parameters such as: (𝜆!), (p), the 
average S-channel SNR (𝛾), (M), (N), and (r) are also 
discussed. The proposed system is operated over the noisy, 
Nakagami-m and Weibull fading environments. The 
performance is evaluated using total error rate (𝑄!+𝑄!) and 
probability of detection (𝑄!). Optimized values of network 
parameters such as (𝑁!"#), (𝜆!,!"#), and (𝑝!"#) for the 
proposed system are investigated. 
 Fig. 2 shows the performance evaluation of a single CR 
user-based spectrum sensing as function of p for different 
values of M, namely M = 1 and M = 3. The performance is 
evaluated using 𝑃! and 𝑃! versus p in Nakagami-m and 
Weibull fading channels. 

 
Fig. 2. The 𝑃!  and 𝑃!  in a single CR versus p under Nakagami-m (m = 
3) and Weibull (V = 6) fading channels for different values of M (𝛾= 10 
dB and 𝜆!= 30). 
 
 
 In Fig. 2, 𝑃! value decreases and 𝑃!value increases as p 
value increases. As we know that the CED operations would 
be obtained for p = 2. The Pm is almost equal to 1 for p = 2 
while it reduces significantly for p > 2 (i.e. CR with IED). It 
means that when CEDs are replaced with IEDs a significant 
improvement in the missed detection performance is 
obtained. It is also seen that for p = 3:25, as ‘M’ increases 

from 1 to 3, 𝑃! value reduces from 0.4156 to 0.0695 under  
Nakagami-m fading channel and, it decreases from 0.3606 to 
0.0467 under Weibull fading channel. This is because of the 
utilization of multiple number of antennas at each CR 
decreases the fading effect, hence the missed detection 
probability value decreases. The curve for 𝑃! versus p also 
shown under Nakagami-m and Weibull fading channels. It is 
seen that there is a trade-off between 𝑃! and 𝑃! with respect 
to parameter ‘p’. It can be concluded that higher and lower 
values of ‘p’ cannot be considered due to increases and 
decrease in the values of 𝑃! and 𝑃!, respectively as ‘p’ 
increases i.e., optimum value of ‘p’ should be considered in 
order to maintain both 𝑃! and 𝑃! for a particular level. An 
optimum value is the value at which both 𝑃! and 𝑃! are 
minimum. In the following figures, the optimum values of p, 
𝜆!, and N for a cooperative CRs based network are 
investigated. 

 
Fig. 3. 𝑄!  is shown as a function of 𝛾 for various values of M and p in 
Nakagami-m (m = 3) and Weibull (V = 6) fading channels (𝜆! = 30, N 
= 3, and r = 0.01). 
 
 
 Fig. 3, depicts Qd versus S-channel SNR (𝛾) under 
Nakagami-m (m = 3) and Weibull (V = 6) fading channels 
for various values of p and M namely p = 2, p = 3 and M = 
1, M = 3. In Fig.3, as ‘𝛾’ value increases, 𝑄! value 
increases, this happens for any type of fading and for any 
values ‘p’ and ‘M’. This is due to fact that when ‘𝛾’ value 
increases, noise effect decreases in the S-channel connected 
to each CR which leads to improved detection performance. 
It can be observed that for M = 3 and 𝛾= 6 dB, as p increases 
from p = 2 (i.e. CED operation is performed at each CR) to p 
= 3 (i.e. IED operation is performed at each CR), 𝑄! 
increases from 0.03 to 0.7885 in Nakagami-m fading 
channel and from 0.04 to 0.835 in Weibull fading channel. 
This is due to increases in the received signal strength by 
power parameter ‘p’. Similarly, 𝑄! value also increases as M 
value at each CR increases. This is due to increase in the 
diversity order of the antenna at each CR. For example, for p 
= 3 and 𝛾= 6 dB, as ‘M’ increases from 1 to 3,  𝑄! increases 
from 0.2745 to 0.5854 in Nakagami-m and from 0.3266 to 
0.6584 in Weibull fading channel. 
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Fig. 4. The optimum number of CRs (𝑁!"#) is shown as function of ‘r’ 
for various values of ‘M’ and for conventional and improved EDs (p = 2 
for CED, p = 3 for IED, 𝜆!= 20 and 𝛾= 5 dB). 
 
 
 It is necessary to find out 𝑁!"# value which are exactly 
used to make final decision about the PU. In Fig. 4, 𝑁!"# is 
estimated in Nakagami-m (m = 3) and Weibull (V = 3) 
fading effects in S-channel for different error probabilities 
(r) in the R-channels. The 𝑁!"# is also indicated for CSS 
network with CEDs and with IEDs. It can be seen from the 
graph that as ‘r’ value increases, 𝑁!"# value decreases in 
both the fading channels. This is due to fact that when the 
higher values of ‘r’ are present in the R-channel, fusion 
center receives less number of binary decisions out of ‘N’ 
number of decisions. From the fig. we can also state that as r 
value increases 𝑁!"# value decreases due to increases in the 
arbitrary power parameter (i.e. p) of the received signal 
strength. Particularly, when p increases from p = 2 to p = 3 
(i.e. CEDs are replaced with IEDs) then 𝑁!"# decreases from 
30 to 3 in Weibull fading channel and it decreases from 32 
to 6 in Nakagami-m fading channel. Finally, we can 
conclude that  𝑁!"# value is lesser for IEDs than that for 
CEDs to achieve the same performance level. 
 

 
Fig. 5. Total error rate is shown as a function of 𝜆!, for various values 
of ‘M’ and ‘N’ in Nakagami-m and Weibull fading channels (p = 3, 𝛾 = 
10 dB, and r = 0.01). 
 

 In Fig. 5, an impact of 𝜆! on (𝑄! + 𝑄!) is investigated 
in the presence of Nakagami-m (m = 3) and Weibull (V = 3) 
fading channels for various values of N and M namely N = 
1, N = 3 and M = 1, M = 3 are used for this figure. It can be 
observed from Fig. 5 that (𝑄! + 𝑄!) value initially 
decreases with increasing the value of 𝜆!, later on it 
increases with further increasing in the value of 𝜆!. It can be 
observed that for a fixed values of N and M, there exists an 
optimum 𝜆! value is (𝜆!,!"#) at which (𝑄! + 𝑄!) value is 
minimum. The (𝜆!,!"#) value depends on M, N and different 
fading environments. For a particular case, N = 3, Weibull 
fading channel, (𝜆!,!"#) value is 13 for M = 1, while it is 26 
for M = 3. Similarly, in Nakagami-m fading channel, 
(𝜆!,!"#) values are 18 and 29 for M = 1 and M = 3 
respectively for the same value of N. It can be also be 
observed that the CSS network with SC diversity (M > 1) 
outperforms the CSS network without diversity (M = 1) 
under the same values simulation (network) parameters. 
When ‘M’ value increases, (𝑃! = 1-𝑃!) increases at each CR 
due to diversity order increases which leads to decreases 
value of (𝑄! + 𝑄!) at each CR and further it decreases by 
cooperation of multiple CRs at FC. It is noted that the total 
error rate performance is worse for N = 1 (i.e. non-
cooperation) as compare to performance with N = 3 in both 
the environments. For example, for M = 1, as ‘N’ increases 
from 1 to 3 total error rate decreases by 57.1% in Nakagami-
m fading channel and it decreases by 64.34% in Weibull 
fading channel. Similarly, for N = 3, when ‘M’ increases 
from M = 1 to M = 3, total error rate decreases by 15.46% in 
Nakagami-m fading channel and it decreases by 49.29% in 
Weibull fading channel. 
 Fig. 6 shows an impact of p on the total error rate 
performance in Nakagami-m    (m = 3) and Weibull (V = 3) 
fading channels for different values of (M = 1), (M = 3) and 
(N = 1), (N = 3). As stated in Fig. 5, similar nature of the 
curve is observed in Fig. 6 also for various values of ‘p’, 
(𝑄! + 𝑄!) value decreases initially when the value of p 
increases and it increases with further increases in the value 
of ‘p’. 

 
Fig. 6. Total error rate is shown as a function of p for various values of 
M and N in Nakagami-m and Weibull fading channels (𝜆!= 20, 𝛾= 10 
dB, and r = 0.01). 
 
 There exists an optimum p i.e., 𝑝!"# value occurs at 
which (𝑄! + 𝑄!) is minimum. This is because of increasing 
in the value of ‘p’ makes decreasing in the value of detection 
threshold (𝜆!) and hence there is a chance to get the higher 
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values of the probabilities false alarms at each CR and at FC. 
The optimal value of p (𝑝!"#) depends on network 
parameters like: M, N and different fading environments. 
Particularly, for N = M = 3, 𝑝!"# value is 2.5 with 
Nakagami-m and 2.75 with Weibull fading channel. 
Similarly, for M = N = 1, 𝑝!"# value is 4.5 with Nakagami-m 
and 5.5 with Weibull faded channel. We have observed that 
when N value increases form N = 1 to N = 3, there is a 
significant improvement in the total error rate performance. 
It can be concluded from figure that for a large number of N, 
the optimum threshold shifts towards the origin. This means 
that 𝑝!"# reduces as ‘N’ increases but total error rate does 
not decrease at significant level. This is due to the fact that 
some CRs experience severe effect of noise in the R-
channels. 
 

 
Fig. 7. Total error rate is shown as a function of 𝛾 for r = 0.1 and 0.01 in 
Nakagami-m (m = 3) and Weibull (V = 3) fading channels (M = 3, N = 
3, p = 3, and 𝜆!= 30). 
 
 
 Fig. 7, is drawn between (𝑄! + 𝑄!) versus S-channel 
SNR (𝛾) for different values of r = 0.1 and r = 0.01 in 
Nakagami-m and Weibull fading channels. We observe from 
Fig. 7 that as 𝛾 increases up to certain value (in dB), total 
error rate decreases and latter it remains constant for further 
increases in the value of 𝛾. This type of behaviour is 
observed for both the fading channels and for any value of 
‘r’. It can also be seen that the total error rate becomes 
constant at lower and higher values of 𝛾 for any value of ‘r’. 
For 𝛾= 6 dB, as ‘r’ value decreases from0.1 to 0.01, 
(𝑄! + 𝑄!) value decreases from 0.3915 to 0.1502 in 
Weibull fading channel and it decreases from 0.3074 to 
0.0570 in Nakagami-m fading channel. 
 Table. I, Table II, and Table III describe the optimum 
values of N,𝜆!, and p respectively in Nakagami-m and 
Weibull fading channels for various network parameters. 
From Table.I, it can be noted that in both the fading channels 
𝑁!"# value decreases as ‘p’ value increases while it increases 
with increases of ‘M’ value at 𝛾= 5dB. From Table. II and 
Table. III, it is observed that in both fading channels,  
 
Table I. 𝑁!"# for different channel and network parameters 
(𝜆!= 20 & r = 0.03) 

Fading factor  p  M 𝑵𝒐𝒑𝒕 

m=3 2 3 32 
m=3 3 1 12 
m=3 3 3 6 
V=3 2 3 30 
V=3 3 1 11 
V=3 3 3 5 

 
Table II 𝜆!,!"# for different channel and network parameters 
(p= 3 & r = 0.01) 

Fading factor M N 𝝀𝒏,𝒐𝒑𝒕 
m=3 1 1 31 
m=3 1 3 18 
m=3 3 3 7 
V=3 1 1 5 
V=3 1 3 13 
V=3 3 3 26 
V=6 1 1 7 
V=6 3 3 30 

 
Table III. 𝑝!"# for different channel and network parameters 
(𝜆!= 20 & r = 0.01) 

Fading factor M N 𝒑𝒐𝒑𝒕 
m=3 1 1 4.5 
m=3 1 3 3.0 
m=3 3 3 2.5 
V=3 1 1 5.5 
V=3 1 3 3.5 
V=3 3 3 2.75 
V=6 1 1 4.5 
V=6 3 3 2.75 

 
𝜆!,!"# and 𝑝!"# values are decreases when M and N values 
are increases at 𝛾= 10dB. The impact of fading parameters 
on 𝜆!,!"# and 𝑝!"# for a fixed values of M and N is also 
shown. 
 
 
5. Conclusion 
 
We have investigated how to choose an optimal number of 
CRs, optimal value of the normalized threshold, optimal 
value of the IED parameter in order to optimize the 
performance of a proposed CSS network. To obtain 
minimum total error rate, the parameters N, 𝜆!, and p have 
been optimized. A novel analytical expressions for missed 
detection probability in both Nakagami-m and Weibull 
fading channels have been derived. It is shown that the 
derived expressions for optimal values of N, 𝜆!, and p 
depend on the various network parameters. The impacts of 
parameter on the total error performance such as S-channel 
average SNR (𝛾), multiple antennas (M) at each CR, number 
of CRs (N) and error probability in R-channel (r) have been 
investigated. A comparative study between CED and IED 
with and without diversity at each CR has also been studied. 
The application of this study is useful to design a optimized 
cooperative spectrum sensing network in the presence of 
various fading effects. 
 
This is an Open Access article distributed under the terms of the 
Creative Commons Attribution Licence  
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