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Abstract
This paper proposes a novel cooperative spectrum sensing network (CSSN) with improved energy detector (IED) based

cognitive radio (CR) users. Every CR user is furnished with multiple antennas (M) and performs itself selection combining

(SC) operation. All the CRs sense a primary user (PU) via erroneous sensing channels (S) and send the data to a fusion

center (FC) via erroneous reporting channels (R). At FC, decision about PU is evaluated with the assistance of k-out-of-N

rule. Detection probability expressions for a CR and FC subject to noise plus Rayleigh/Rician fading are developed. Also

both simulation and analytical frameworks for throughput analysis are presented. The analytical performance results are

also validated using simulation performance results. Performance comparisons between IED and conventional energy

detectors (CED) are presented in terms of throughput and total error rate for several parameter values. Further, overall

performance of throughput and total error rate in Rayleigh/Rician fading channels is investigated. The joint effects of

diversity and fading on the CSSN throughput is also additionally discussed. Channel error (r) impact on the throughput and

total error performances for each proposed and traditional networks is studied. Optimization of several parameters for

maximizing the throughput and minimizing the total error is also studied. Throughput overall performance of proposed

CSSN is plenty better than the conventional network in each fading channel. For several values of M and r, popt, kn;opt and
Nopt values are calculated subject to each fading environment. Both analytical and MATLAB simulation results are

matched. Under imperfect channel conditions, performances in terms of throughput and total error are not up to the mark

but significant performance improvement has been obtained with diversity at each CR level.
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1 Introduction

Cognitive radio (CR) is a wireless device that is intelli-

gently acts according to changes in real-time environment.

It is also capable of monitoring, detecting and identifying

licensed users (called primary users, PUs). The CRs also

known as secondary users (SUs), or CR users/nodes. The

SUs are allowed to use the empty frequency slots of PUs

opportunistically as long as the PU is not used its frequency

bands [1]. For 5G/6G based wireless networks, precise

observation, detecting and gathering of data about utiliza-

tion of PU’s radio frequency range as the function of time,

frequency, and area are needed [2]. A few procedures for

detecting the authorized frequency bands are designed, to

be specific, energy detection (ED), matched filter, cyclo-

stationary, and wavelet detection strategies. Among every

one of these strategies, ED strategy is the least difficult one

& Srinivas Nallagonda

srinivas.nallagonda@gmail.com

Abhijit Bhowmick

abhijit.bhowmick@vit.ac.in

Binod Prasad

binod@iiitm.ac.in

1 Department of Electronics and Communication Engineering,

Marri Laxman Reddy Institute of Technology and

Management, Dundigal, Hyderabad, Telangana 500043,

India

2 Department of Communication Engineering, SENSE, Vellore

Institute of Technology, Vellore, Tamilnadu 632014, India

3 ABV-Indian Institute of Information Technology and

Management, Gwalior, Madhya Pradesh 474015, India

123

Wireless Networks (2021) 27:4039–4050
https://doi.org/10.1007/s11276-021-02685-0(0123456789().,-volV)(0123456789().,- volV)

http://orcid.org/0000-0003-0199-3115
http://crossmark.crossref.org/dialog/?doi=10.1007/s11276-021-02685-0&amp;domain=pdf
https://doi.org/10.1007/s11276-021-02685-0


that can be utilized to identify and get the data about uti-

lization of PU’s radio range since this procedure doesn’t

need any priori data identified with PU [3]. Due to time

varying nature of the environment, decision of a SU about

PU is not exact and reliable if channel from CR to PU is

seriously affected by noise plus fading [3, 4]. If this is the

situation, many CR users can be allowed for spectrum

sensing with cooperation among them (called as coopera-

tive spectrum sensing, CSS) for taking exact decision on

the PU’s status. In CSS scheme, in detection process, each

CR user has its own information about spectrum usage of

PU that should be passed and informed to each other CR

user. Sharing of information about spectrum usage of PU

among all CR users is compulsory because it is already

discussed that few CR users may undergo more noise or

fading in their links [5]. Information of every CR user is

sent to a typical control place called as fusion center (FC)

for fusing operation to get an ultimate choice on PU.

Various fusing operations that are implemented at FC for

finding a final decision of the PU status, to be specific, hard

and soft data fusing operations [6, 7].

1.1 Related work

In [8, 9], the analysis of optimal sensing time and trade-off

between sensing time and throughput for cognitive radio

network (CRN) with conventional energy detectors (CEDs)

are investigated. The CED can be replaced with IED in any

CR node to increase CSS performance even further. The

squaring procedure at the obtained signal amplitude is used

to calculate the decision statistic in CED. In IED, power

operation (p) within the amplitude of the received signal is

considered for measuring the decision statistic [10, 11]. In

wireless communications era, channels are having time-

varying nature and hence the system performance is not up

to the mark. Depending upon the type of applications,

several channels like non-fading additive white Gaussian

process (AWGN) and fading models like Rayleigh, Rician,

Hoyt, and Weibull are developed. In [11, 12], the CSS

including IEDs output is evaluated in faded sensing chan-

nels and ideal reporting channels, however, throughput

performance and effect of imperfect reporting channel

situations are not examined in [11, 12]. For sensing chan-

nels modeling, AWGN, Rayleigh, and Rician fading are

used. Imperfect reporting channels, or erroneous reporting

channels, are taken into account. The throughput of CSS

with CEDs in j� l and g� l generalized faded channels

is investigated in [13]. [14, 15] investigates CSS’s

throughput with IEDs in AWGN and Rayleigh fading

environments. The throughput performance of secondary

network under security threats with IEDs is investigated in

[16]. Studies on throughput maximization for CRNs are

presented in [17] and trade-off between energy and

throughput under optimal sensing order in CRNs is dis-

cussed in [18]. We have been motivated and encouraged by

the ongoing work on developing both theoretical and

simulation models for the analysis of throughput and total

error rate of considered CSSN network over Rayleigh and

Rician fading channels. As compared to the throughput of

Rayleigh fading, Rician fading, also known as Nakagami-

n, shows better throughput. For Rician parameter K ¼ 0,

the Rayleigh fading curves can be obtained. Satellite

channels employ Rician fading when string dominant

component is present in the received signal at the receiver

[19, 20]. The efficiency of CSS with CEDs in terms of

analytical throughput is addressed in [21]. Energy effi-

ciency analysis of CSS with IEDs over Nakagami-q/

n channels is discussed in [22]. The k-out-of-N fusion rule

at FC is performed for taking the final decision about PU.

This fusion rule is more effective and generalized which

encompasses several sub fusion rules. In [26], the authors

presented throughput framework and performance of CEDs

based CRN over AWGN channel. The present paper con-

siders the same throughput framework and analysis is

extended to evaluate throughput and total error rate of IEDs

based CCSN over Rayleigh and Rician Fading channels.

Throughput maximization is significantly achieved with

our proposed network when compare to conventional CR

networks. This has motivated us again and according to the

literature review, throughput and total error rate of CSSN

with IEDs in AWGN, Rayleigh, and Rician fading channels

could be a large and interesting research work. The fol-

lowing are the major and novel contributions:

1. The probability of detection over AWGN noise with

Rayleigh and Rician fading channels has been estab-

lished and the mathematical foundations for the

proposed CSSN’s throughput analysis are also given.

In [26], the authors investigated throughput perfor-

mance of CEDs based CR network over AWGN

channel only, but the present paper evaluates through-

put of IEDs based CR networks over Rayleigh and

Rician Fading channels. Throughput maximization is

significantly achieved with our proposed network when

compare to conventional CR networks.

2. The investigation of comparison between IEDs and

CEDs for various sub fusion rules is addressed for

several network parameter values. Furthermore, find-

ings for throughput over noise plus either Rayleigh or

Rician fading channels are analytically demonstrated.

3. The effects of SC diversity technique and fading on

total error rate and throughput performances are also

studied.

4. For both proposed and traditional networks, the impact

of channel error on total error and throughput is

investigated.
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In this paper, the mathematical outlines are developed in a

systematic manner; however, the current work may be

extended to include further investigation on the proposed

network performance in other fading environments.

1.2 Splitting of the paper

The remainder of the work is planned into several sections.

A brief overview of the considered network is given in

Sect. 2, along with comprehensive outline of theoretical

frameworks for fusion strategies and network throughput.

The simulation model for the proposed network is pre-

sented in Sect. 3. Performance comparisons of energy

detectors are seen in Sect. 4, and finally conclusions are

provided in Sect. 5.

2 System model

As shown in Fig. 1, a PU, N CR nodes, and one FC make

up the proposed CSSN network. Every PU and FC node

has a single transmit/receive antenna, while each CR node

has a single transmit antenna and an IED with M receiving

antennas. The SC diversity is a strategy used by all CR

nodes. Via erroneous channels (S), each CR node detects a

PU and sends its sensing data using erroneous channels (R)

to FC. In detail, each CR node receives data from all of its

antennas (M) and processes it using its IED. SC selects the

largest value and compares it to a precisely chosen

threshold, expressed by k (each CR node has the same k);
additionally, each CR makes a binary decision (local)

about the existence or absence of PU. At FC, the k-out-of-

N fusion rule is used to make the final or global decision.

Finally, the probabilities of cooperative missed detection

and false alarm are calculated for the overall error rate and

throughput of the considered CSSN with CEDs and IEDs.

Consider the received signal in j-th antenna

(j ¼ 1; 2; . . .;M) at each CR node, yjðnÞ (n denotes sample

index)

yjðnÞ ¼
wjðnÞ H0

hjsðnÞ þ wjðnÞ H1;

�
ð1Þ

where s(n) represents the primary signal to be detected (with

energy Es) [10]; fwjðnÞgMj¼1 is AWGN with zero-mean and

variance r2n, hj is the fading channel (S) coefficient. Here,

wjðnÞ and fhjg are unrelated. At each CR node, assume that

decision variable, represented as Wj, for determining whe-

ther the PU is present or not, as shown below [10–12]:

Wj ¼ jyjjp: ð2Þ

where p ([ 0) denotes an IED parameter. When p ¼ 2 is

set in (2), an alternative decision variable of a conventional

energy detection method [3] is obtained. The general

expressions for false and miss detections are given from

[23, eq. (41), chapter 2]:

Pf ¼
Z 1

k
fUjH0

ðuÞdu ¼ 1� FUjH0
ðkÞ; U� 0; ð3Þ

Pm ¼
Z k

0

fUjH1
ðuÞdu ¼ FUjH1

ðkÞ; U� 0: ð4Þ

where fUjH0
ðuÞ and fUjH1

ðuÞ are the conditional probability

density functions (PDFs) of U, respectively, for hypotheses

H0 andH1. The cumulative distribution function (CDF) for

IED is provided by [10–12]

FWjjHi
ðxÞ ¼ Pr jyjjp jHi

� x
� �

i¼0;1
; ð5Þ

where Pr½�� represents probability. Individual decision

variables are calculated at every CR node in each antenna

(i.e., Wj

� �M
j¼1

). Using the SC technique, the largest value of

M decision variables is chosen i.e.

U ¼ maxfW1;W2; . . .;WMg. The conditional CDF with SC

for hypothesis H0, is written by [10–12]:

FUjH0
ðuÞ ¼ 1� exp � u2=p

r2n

� �	 
M
: ð6Þ

The output of SC is sent to an IED, which makes a local

decision about the existence or non-exitance of PUs as

follows: [10–12]:

U?

1

0

k; ð7Þ

where k in a CR node is expressed as k ¼ knrpn, where the

normalized threshold to be determined is represented by kn
and the standard deviation of a noise is denoted by rn.
Every CR node is assumed to have the same threshold

value and performs the same IED operation (power p). For
Fig. 1 The block diagram of a considered CSSN
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a fixed value of kn, a factor involving p is used to normalize

k [9]. In a CR node, the false alarm probability, Pf , is

expressed as [12]:

Pf ¼ 1� 1� exp � k2=p

r2n

 !" #M
: ð8Þ

It should be noted that Pf is the same in any fading envi-

ronment (i.e. �Pf ¼ Pf ), since there is no PU signal for H0.

As a result, no further discussion of Pf is needed.

2.1 Non-fading (AWGN) environment

It is known that the fixed channel coefficient is hj ¼ 1; 8j 2
f1; ::Mg in this case. Using [24, eq. (9)], the expression of

missed detection probability is obtained as follows:

�P
AWG
m ¼ 1� Q

ffiffiffiffiffiffiffi
2Es

r2n

s
; k1=p

ffiffiffiffiffi
2

r2n

s !" #M
; ð9Þ

where Qða; bÞ ¼D
R1
b

v exp � v2þa2

2

� 

I0ðavÞdv denotes the

first-order Marcum Q-function [25].

2.2 Rayleigh fading environment

Fading channel coefficient hj represents a complex Gaus-

sian random variable (RV) with zero mean and variance r2h
in this case, i.e., hj �CN ð0; r2hÞ. The missed detection

probability is expressed as:

�P
Ral
m ¼ 1� exp � k2=p

r2nð1þ �csÞ

 !" #M
: ð10Þ

where �cs ¼ Esr2h=r
2
n denotes the sensing channel’s average

SNR.

From (8) and (10), an optimal sensing threshold, represented

as kopt, can be obtained if the result is oðPRal
m þ Pf Þ=ok ¼ 0.

At this kopt, the total error rate of a single CR is minimized.

More precisely, to get optimal threshold, partial derivative of

PRal
m ?Pf with respect to k should be performed where p and �cs

are fixed parameters and then set the result equal to zero.

Please be noted that it is difficult to get analytical

expression for kopt for M number of antennas i.e general

case. However, the expressions in closed-form are derived

for M ¼ 1 and M ¼ 3 as follows:

kopt
M¼1 ¼ ðr2n þ EsÞ lnð1þ Es=r2nÞ

ðEs=r2nÞ

	 
p=2
ð11Þ

kopt
M¼3 ¼ ðr2n þ EsÞ lnð1þ Es=r2nÞ

ð2Es=r2nÞ

	 
p=2
ð12Þ

2.3 Nakagami-n (or Rician) fading environment

The PDF of Rician coefficient jhjj at j-th antenna is con-

sidered [19]. Coefficient represents the complex Gaussian

distribution i.e., CN ðs; r2hÞ, where s represents the average

value that is to be considered as real. The K[ 0 represents

the real fading parameter which is the powers of direct and

the scattered paths signals ratio, i.e.,

K ¼ s2=r2h: ð13Þ

The Efjhjj2g ¼ s2 þ r2h8j 2 f1; ::Mg represents the total

fading power of both direct and scattered signal powers.

Normalized fading power is assumed, i.e.,

Efjhjj2g ¼ X ¼ 1, we obtain:

r2h ¼ 1=ð1þ KÞ s2 ¼ K=ð1þ KÞ: ð14Þ

The envelop of obtained signal, yj, has Rician distribution

for hypothesis H1 and yj �CN ðs
ffiffiffiffiffi
Es

p
;Esr2h þ r2nÞ. The RV

transformation is used to build the conditional PDF of

Wj ¼ jyjjp as:

f RicWjjH1
ðyÞ ¼ 2yð2=pÞ�1

pðEsr2h þ r2nÞ
exp � y2=p þ s2Es

Esr2h þ r2n

� �

�I0
2s

ffiffiffiffiffi
Es

p
y1=p

Esr2h þ r2n

� �
:

ð15Þ

Then, the conditional CDF with SC is

FRic
ZjH1

ðzÞ ¼ 1� Q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Es

Esr2h þ r2n

s
; z1=p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

Esr2h þ r2n

s !" #M
:

ð16Þ

Finally, using (4), (7), and (16 as inputs, the miss detection

probability is obtained as:

�P
Ric
m ¼ 1� Q

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2Es=B

p
; k1=p

ffiffiffiffiffiffiffiffi
2=B

p� 
h iM
: ð17Þ

where B ¼ r2nð1þ �csÞ. The analytical expression for opti-

mal k subject to Rician fading channel is not presented here
due to complexity involved while deriving an expression

for optimal k.

2.4 The k-out-of-N fusion rule

The IED is performed in every CR node to make a final

decision in the form of binary bits, either ‘1’ (present) or

‘0’ (absent), and sends this information to the FC for the

fusing operation. Following that, the k-out-of-N fusion

process is used. The OR rule for k ¼ 1, the AND rule for

k ¼ N, and the Majority rule for k ¼ N
2
þ 1 are all derived

4042 Wireless Networks (2021) 27:4039–4050
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as sub rules. Every CR node’s output is presumed to be the

same, i.e.

Prfdi ¼ 1jH0g ¼ �Pf ;i; �Pf ;i ¼ �Pf ; 8ið2 f1; ::NgÞ; ð18Þ

Prfdi ¼ 0jH1g ¼ �Pm;i; �Pm;i ¼ �Pm; 8i ð19Þ

where �Pm;i ¼ 1� �Pd;i; di denotes the decision made at the

ith CR node. With the assumption of error probability, r, the

new �Pf and �Pm in each CR are expressed as:

Pfe ¼ �Pf ð1� rÞ þ ð1� �Pf Þr; ð20Þ

Pme ¼ �Pmð1� rÞ þ ð1� �PmÞr: ð21Þ

In terms of channel error, the expressions at FC are as

follows:

QfeðNÞ ¼
XN
‘¼k

N

‘

� �
ðPfeÞ‘ð1� PfeÞN�‘; ð22Þ

QmeðNÞ ¼ 1�
XN
‘¼k

N

‘

� �
ð1� PmeÞ‘ðPmeÞN�‘: ð23Þ

And QmeðNÞ ¼ 1� QdeðNÞ and Pme ¼ 1� Pde. Every CR

node and FC’s total error rate expressions are written as:

�Pe ¼ PðH1ÞPme þ PðH0ÞPfe; ð24Þ

QeðNÞ ¼ pðH1ÞQmeðNÞ þ pðH0ÞQfeðNÞ: ð25Þ

where PðH0Þ denotes probability of the PU being absent

and PðH1Þ denotes the prior probability of the PU being

present, and PðH0Þ þ PðH1Þ ¼ 1.

2.5 Framework for calculation of throughput

The CSSN’s throughput framework is presented here. For

the k-out-of-N rule, the average channel throughput (de-

noted as Cavg) is written as [26]:

CavgðNÞ ¼ r0 þ r1½1� QmeðNÞ� � r2QfeðNÞ: ð26Þ

where

r0 ¼ pðH1Þ ~Cp þ ~Cs
h i

þ pðH0ÞCs; ð27Þ

r1 ¼ pðH1Þ Cp � ~Cp þ ~Cs
h i

; ð28Þ

r2 ¼ pðH0ÞCs: ð29Þ

where Cs and Cp denote CSSN and PU networks throughput

under H0, respectively. Under H1, ~Cs and ~Cp denote CSSN
and PU networks throughput, respectively.

The optimal number of CRUs in the proposed

scheme that maximizes the CavgðNÞ is denoted as Nopt

written from [26]:

Nopt ¼
lnðr1=r2Þ þ kl

g
þ ðk � 1Þ

� �
: ð30Þ

where l and g are given by

l ¼ ln
1� Pme

Pfe

� �
; g ¼ ln

1� Pfe

Pme

� �
ð31Þ

From (30), the optimum N expressions under OR rule and

AND rule are derived i.e.,

NOR
opt ¼

lnðr1=r2Þ þ l
g

� �
: ð32Þ

NAND
opt ¼ g� lnðr1=r2Þ

l

� �
: ð33Þ

3 Simulation framework

The simulation framework for the proposed network is

presented in this section. MATLAB/Mathematica is used to

construct the simulation model. To validate the analytical

frameworks established in the previous sections, the sim-

ulation is run using the following step-by-step method. The

proposed simulation flow chart of proposed CSSN is shown

in Fig. 2. The steps for calculating the cooperative false

alarm probability, missed detection probability, total error

rate (at single CR and FC levels) and throughput of the

considered network are discussed below:

1. Generate PU signal s(t) and equally likely hypothesis

H0 andH1 using uniform random variable generator.

2. Generate AWGN signal at jth antenna wjðtÞ and

sensing channel fading (Rayleigh or Rician) coeffi-

cient hj (j ¼ 1 to M) are generated using Gaussian

RVs.

3. Estimate the obtained signal at jth antenna, yjðtÞ, at
the input of each CR node is yjðtÞ ¼ hjsðtÞ þ wjðtÞ
for true hypothesis H1 and yjðtÞ ¼ wjðtÞ for true

hypothesis H0.

4. CalculateWj at j
th antenna using (2) for a given value

of the IED parameter p.

5. Repeat the steps from 2 to 4 for M number of

antennas and apply SC technique to select the

maximum value of W i.e. U ¼ maxðWjÞ.
6. Estimate k from k ¼ knrpn for fixed values of p, rn

and kn. For all CR nodes, we presume that k is the

same.

7. Compare U obtained from step 6 with k. If U[ k,
the CR node then makes a hard binary choice of

either 1 or 0.

8. The steps from 1 to 7 for N number of CR nodes are

repeated and N number of decisions (1’s and 0’s) can

be found. The binary decision of each CR node ‘1’ or

Wireless Networks (2021) 27:4039–4050 4043
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‘0’ will be sent to the FC for combining operations

(k-out-of-N fusion rule) via erroneous reporting

channel with channel error probability ‘r’.

9. For a huge number of simulations, steps from 1 to 8

are repeated.

10. Using (22) false alarm, using (23) missed detection,

using (25) total error rate and using (26) throughput

can be estimated.

11. Draw the simulation results for k-out-of-N (i.e. for

various values k) subject to various parameter values

of the channel and network namely, p, M, r, K, �cs, kn
and N.

3.1 Complexity analysis of the flow chart

The throughput maximization and total error minimization

have significant complexities due to requirement of cal-

culations of Qme and Qfe over erroneous sensing and

reporting channels for all cooperating CRs (at FC).

Majority logic fusion is a simple hard decision scheme and

it reduces the burden of complexity for the calculation of

optimal parameters of the network like popt, kn;opt, and Nopt.

Furthermore, when comparing performance over fading

channels under Majority logic fusion (sub optimal rule) to

performance over non-fading channels under the same

Majority logic fusion, it is worth noting that performance

over fading channels does not significantly increase the

complexity at an individual CR level. However, decisions

from IED based CRs increase complexity when compare to

CED based CRs while evaluating the total error and

throughput performances of the network.

4 Simulation and numerical results

This segment discusses the numerical and simulation

results. MATLAB/Mathematica is used to plot all of the

data. The proposed network’s throughput and total error

rate is calculated using a variety of fading channel and

network parameters. For drawing of plots, Cp ¼ 20,

~Cp ¼ 10, Cs ¼ 10, ~Cs ¼ 5, �cs ¼ 10 dB, N ¼ 5, kn ¼ 20,

K ¼ 1, 2 and 3 are the parameters used. The channel error

probability of r[ 0 means that the channel is imperfect.

The CED is represented by p ¼ 2 in all statistics, while

IED is represented by p[ 2. In addition, M ¼ 1 indicates

an IED without diversity, while M[ 1 indicates an IED

with diversity.

In Rayleigh and Rician fading conditions, Fig. 3

demonstrates a single CR user output for many M and p

values. Results in both operating environments show that

Pm decreases when p increases. It is noted that for p ¼ 2,

M ¼ 2, and Rayleigh fading, Pm is 0.9, and is 0.17 for

p ¼ 4. It is seen that for any values of kn and M CED

performance is not significantly good when compare to

IEDs. The performance is improved further with increasing

in diversity. The impacts of Rayleigh and Rician fading

severity on a single CR user are also shown in this figure. It

is observed that Rayleigh fading degrades the performance

of CR, but Rician fading impact is less on the performance

characteristics of a CR. For example, performance is more

Fig. 2 Proposed CSSN simulation flow chart
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significant when K from 0 to 2 increases (i.e., the fading

severity decreases). The results with K ¼ 0 (Rician) also an

alternative results with Rayleigh fading. The results based

on MATLAB simulation match analytical expressions

based results over two fading environments.

Figure 4 shows a single CR user performance as func-

tion of total error for several M and r values over Rayleigh

fading environment. Results show that �Pe decreases when

kn increases up to certain value. The �Pe increases for fur-

ther increasing values of kn. There exists an optimal kn
where minimum total error is obtained. The optimal kn
depends on the type of detector and it varies with respect to

the different values of M and r. The optimal values are

noted for both simulation and analytically as shown in

Table 1.

Figures 5 and 6 show throughput versus p for various r

and M values. Performance is evaluated in Rayleigh

(Fig. 5) and Rician (Fig. 6) fading environments. From

both the figures, there exists an optimal value of p where

throughput is maximized. This optimal value changes with

respect to r and M values. It is found that for r ¼ 0:01,

M ¼ 5, and Rayleigh fading, the optimal p value is 3, and

is 3.25 for r ¼ 0:1. Similarly, it is found that for r ¼ 0:01,

M ¼ 5, and Rician fading, the optimal p value is 4, and is

3.5 for r ¼ 0:1. A significant performance improvement is

obtained asM rises from 1 to 5 (i.e., the diversity increases)

in both the figures. From both the figures, it is also possible

to investigate the effects of Rayleigh and Rician fading

intensity on throughput performance. It has been noted that

Rayleigh fading degrades the throughput performance, but

Rician fading impact is less on throughput performance.

The throughput is shown in Fig. 7 as a function of �cs for
various p and M values over Rician fading channel. IEDs

and CEDs are considered under a Rician fading scenario

for Majority rule to see the results. CSSN with CED

(M ¼ 1) requires �cs ¼ 10 dB for Cavg = 14.1, but IED

(M ¼ 1) requires only �cs ¼ 3 dB for each CR user, i.e., 7

dB gain on SNR is achieved when IEDs are used in the

cooperative system instead of CEDs. For increasing

M values, the throughput increases significantly, i.e.

throughput is very high when diversity increases for both

CEDs and IEDs.

The throughput is shown as a function of �cs for various
M values over Rayleigh fading channel in Fig. 8. The

findings are demonstrated using IEDs and CEDs under

Majority rule in Rayleigh fading scenario. The CSSN with

CED (M ¼ 4) requires �cs ¼ 10 dB for Cavg = 13.5, but IED

(M ¼ 4) requires only �cs ¼ 2 dB for each CR user, i.e., 8

dB on gain in SNR is achieved when IEDs are used instead

of CEDs. As the value of M is increased, the throughput

increases dramatically, and the throughput is very high for

both CEDs and IEDs.

The effects of p and M values on throughput for dif-

ferent values of kn over Rician fading channel are shown in

Fig. 9. It is noted that as diversity grows the throughput

increases. For example, at kn ¼ 30 and CED case, the

throughput values 12.5 and 13.8 are obtained for M ¼ 1

and M ¼ 3, respectively. Similarly, at kn ¼ 30 and IED

case, the throughput values 14.8 and 15.0 are obtained for

M ¼ 1 and M ¼ 3, respectively. As M increases, the

magnitude of fading at the CR user level decreases, and the

CR user’s individual output improves. For a large value of

kn (say kn ¼ 50), IEDs guarantee the better throughput

performance than CEDs.

Fig. 3 The Pm versus p (single CR) over Rayleigh and Rician (K ¼ 2)

fading for different M values (�cs ¼ 10 dB and kn ¼ 30)

Fig. 4 The �Pe performance in single CR node ( �Pe versus kn) in

Rayleigh fading for various values of M and r for both CED and IED

based CR (�cs ¼ 10 dB)
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Figure 10 shows the throughput performance for various

fusion rules as function of kn over Rician fading channel. It

is noted from the figure that throughput performance with

majority fusion rule is better when compare to other fusion

Table 1 The �Pe for various

values of M and r over Rayleigh
fading channel (kn ¼ 1 to 100

and �cs ¼ 10 dB)

M value r value Detector type Analytical value Simulation value

1 0.1 CED 0.4308 0.4308

1 0.1 IED 0.4278 0.4278

1 0.01 CED 0.3027 0.4278

1 0.01 IED 0.2990 0.2990

3 0.01 CED 0.0874 0.0874

3 0.01 IED 0.0872 0.0872

3 0.0 CED 0.0688 0.0688

3 0.0 IED 0.0686 0.0686

Fig. 5 The Cavg versus p for various r and M values (N ¼ 10, �cs ¼ 10

dB, kn ¼ 20, Majority rule and Rayleigh fading channel)

Fig. 6 The Cavg versus p for various r and M values (N ¼ 10, �cs ¼ 10

dB, kn ¼ 20, Majority rule and Rician fading channel)

Fig. 7 The Cavg versus �cs for various p and M values (K ¼ 2,

r ¼ 0:01, N ¼ 10, kn ¼ 20, Majority rule and Rician fading channel)

Fig. 8 The Cavg versus �cs for various M values (r ¼ 0:01, N ¼ 10,

kn ¼ 20, Majority rule and Rayleigh fading channel)
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rules. This is due to the fact that FC with majority rule

exhibits very low errors (missed and false) and hence

average number of transmission of correct decisions from

all CRs to FC very high. False detections at FC level with

OR rule are more, that is why, throughput performance is

degraded with OR rule. Initially, when k value increases

from 1 to 6 throughput increases but throughput decreases

from k ¼ 6 to k ¼ 10, it is observed that majority rule is an

optimal sub fusion where maximum throughput is

obtained.

Figure 11 shows the throughput performance for various

fusion rules as function of kn over Rayleigh fading channel.

It is noted from the figure that throughput performance

with Majority fusion rule is better when compare to other

fusion rules. As in Fig. 10, initially, when k value increases

from 1 to 6 throughput increases but throughput decreases

from k ¼ 6 to k ¼ 10, it is observed in this figure also that

majority rule can be an optimal fusion where maximum

throughput is obtained.

For a given rule, the optimal N calculation is needed.

For OR rule, the optimal N denoted as NOR
opt , as a function of

kn for erroneous (r ¼ 0:01) and Rayleigh and Rician fading

channels is shown in Fig. 12. As compared to an IED-

based system, the optimum N for the CED-based system is

higher in both channels. It is also observed that as kn
increases, NOR

opt increases for a given form of detector and

Fig. 9 The Cavg versus kn for various p and M values (K ¼ 1,

r ¼ 0:01, �cs ¼ 10 dB, N ¼ 10, kn ¼ 20, Majority rule and Rician

fading channel)

Fig. 10 The Cavg versus kn for various fusion rules (K ¼ 2, p ¼ 4,

M ¼ 2, r ¼ 0:01, �cs ¼ 10 dB, N ¼ 10, kn ¼ 20, Majority rule and

Rician fading channel)

Fig. 11 The Cavg versus kn for various fusion rules (r ¼ 0:01, �cs ¼ 10

dB, N ¼ 10, kn ¼ 20, Majority rule and Rayleigh fading channel)

Fig. 12 The NOR
opt versus kn for both CED and IED over Rayleigh and

Rician fading channels (r ¼ 0:01, M ¼ 2, �cs ¼ 10 dB and N ¼ 10)
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fading. IEDs, once again, outperform CEDs in terms of the

optimal number of CR nodes required.

Table 1 shows both simulation and analytical values of

total error rate of a single CR. It is noted that as diversity

increases the total error decreases for both CED and IED.

High value of r degrades the total error performance. It is

noted that for any r and M values, IED shows an excellent

performance when compare to CEDs. The results of the

MATLAB simulation are compared to the results of the

theoretical expressions.

Table 2 shows kopt values in a single CR under Rayleigh

and Rician fading channels. The kopt values based on

MATLAB simulation is validated though the results based

on the analytical expressions given in (11) and (12) for

Rayleigh case only. It is also noted that kopt values based
on simulation subject to Rician case are also shown. It is

observed that as �cs or diversity increases the kopt decreases.
The output of CEDs and IEDs in fading channels is

compared in Tables 3 and 4. At FC, the Majority fusion

rule is taken into account. Table 3 compares the output of

both CEDs and IEDs in terms of Qe under imperfect

channel conditions. It is worth noting that when r rises, the

overall error rate rises as well. Because, channel error

probability decreases the number of correct receptions at

FC. In Table 4, both CEDs and IEDs performances are

compared under different diversity conditions. It is noted

that total error rate decreases when diversity increases.

Because, diversity increases the number of correct recep-

tions at FC.

Tables 5 and 6 display throughput values over different

fading channels for different r and M values, respectively.

It can be shown that under imperfect channel conditions,

throughput suffers, but throughput improves dramatically

when diversity is increased. When compared to Rayleigh

fading channel considered in the present work, if the net-

work is run in a Rician fading environment, significant

performance improvement is seen (from Tables 3, 4, 5, 6).

Furthermore, the network performance with IEDs is much

superior to a network with traditional detectors (from

Table 3, 4, 5, 6).

5 Conclusions

We have looked at how well CSSN is performed in noisy

environments with Rayleigh or Rician fading. We have

developed frameworks for various performance metrics for

both single CR node and the proposed CSSN. The theo-

retical results have been matched to MATLAB simulation

based results. Throughput increases initially for increasing

values of p and kn, then decreases for more increasing

values of p and kn, indicating that the throughput has a

maximum value. For all values of M and r, the optimal p,

kn, and N values have been found, corresponding to which

the throughput is maximized. With imperfect channel

conditions, throughput and total error suffer, but both

Table 2 Optimal k values in a

single CR ( �Pe) for various �cs
values

M value �cs value Rayleigh analytical Rayleigh simulation Rician simulation

1 6 dB 15 15 12

1 10 dB 13 13 10

3 6 dB 12 12 11

3 10 dB 10 10 8

Table 3 The Qe for various r values over fading channels (M ¼ 3,

kn ¼ 50, �cs ¼ 10 dB, and N ¼ 10)

r value Detector type Rayleigh Qe Rician Qe

0.1 CED 0.9996 0.2693

0.1 IED 0.0242 0.0018

0.01 CED 1.0000 0.2015

0.01 IED 0.0030 2:8� 10�8

Table 4 The Qe for various M values over fading channels (r ¼ 0:01,
kn ¼ 50, �cs ¼ 10 dB, and N ¼ 10)

M value Detector type Rayleigh Qe Rician Qe

1 CED 1.0000 0.9391

1 IED 0.5595 3:5� 10�4

3 CED 0.9998 8:4� 10�6

3 IED 3:9� 10�8 3:1� 10�8

Table 5 Cavg for various r values over various fading channels

(M ¼ 3, kn ¼ 50, �cs ¼ 10 dB, and N ¼ 10)

r value Detector type Rayleigh Qe Rician Qe

0.1 CED 12.5006 14.3264

0.1 IED 14.9391 14.9951

0.01 CED 12.5000 14.4962

0.01 IED 14.9925 15.0000
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improve dramatically when diversity is increased. Finally,

in both fading conditions, the proposed network with IEDs

outperforms the network with traditional detectors in terms

of throughput. This work is extremely beneficial to the

advancement of next-generation wireless networks. The

mathematical outlines developed in the present paper are

established in a systematic manner; however, the current

work could be expanded to include further investigation of

the proposed network’s output in other fading

environments.
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