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Abstract: The proposed cooperative spectrum sensing (CSS) network has promising characteristics that might
increase detection performance. This study focuses on identifying unknown signals in a Rayleigh fading
environment using an improved energy detector (IED). The suggested network is made up of numerous cognitive
radio (CR) nodes, with a number of antennas installed at each CR node and selection combining (SC) used to
identify the maximum detection probability. Furthermore, the activity of the primary user (PU) is completed at
the fusion centre utilizing fusion rules (FC). The closed-form of missing detection and false alarm probability was
initially given elegantly. A quantitative evaluation is presented to estimate average throughput and energy
efficiency and overall error rate performance is examined for single and multiple antenna situations. Simulation
test-bed is developed in MATLAB, and simulations are used to evaluate throughput and energy efficiency
performance with the strong backing of mathematical analysis. Finally, when compared to traditional schemes,

the performance of the suggested scheme is enhanced, with OR-Rule outperforming AND-Rule.
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1. Introduction:

Recent developments in wireless applications have resulted in the continued advancement of wireless technology,
and demand has grown at a geometric rate, resulting in a substantial increase in spectrum usage [1]. According to
fixed spectrum access (FSA), the added-on utilization causes a shortage of the radio spectrum because the
spectrum usage depends on the permitted end users [2-4]. The spectrum active and idle status depends on the
licensed user that reflects the inefficiency of the FSA policy. An alternative spectrum policy needs to be developed
to meet the rising demand for spectrum usage more efficiently, thus giving rise to dynamic spectrum access (DSA)
[5]. The spectrum can be accessed by licensed as well as unlicensed users called secondary users (SU). To
reinforce DSA, SUs must have insight capabilities referred as cognitive radios (CR) [6-7]. The increasing demand
to access the unused spectrum in wireless communication services is met with CR. The CR's unique technology,
which enables a cognitive wireless terminal to dynamically access unoccupied spectrum [8]. The real-time
decision making regarding the primary user (PU) through spectrum sensing (SS) which is the critical function of
CR [9]. In practice, SS is frequently impeded by two fundamental phenomena, namely multipath fading and
interference, the consequences of which cannot be overstated. These disadvantages may drastically impair
detection performance, render spectrum sensing unreliable and cause hidden node issues SS is blocked by
multipath fading and interference in a realistic environment which makes the system inaccurate. The CSS is a

technique for combating multipath fading and improving overall detection performance that makes use of a large



number of CR users while doing their own local sensing and exchanging their sensing findings with other users
and the FC [10-13]. Various fusion rules are employed at FC to determine whether PU exists or not. As the number
of SU grows, so does the amount of energy needed for spectrum detection and reporting to FC increases, this has
an effect on the energy efficiency (EE), as energy efficiency value rises as throughput value increases [14-16].
The CSS scheme is addressed in [17-18] which describes about reduction of energy consumption by reducing the
amount of SUs. An EE schemes were proposed in [19] to reduce the energy consumption. It was suggested in [20]
that the distributed SS algorithm reduces the average energy usage for SS by taking the optimal sensing rate and
censoring threshold into account. CSS is addressed in [21] as a way to enhance EE while also saving time. In [22-
23], it is suggested that detection threshold value optimized to improve EE when CSS is used with various fading
channels. EE in a CR network utilising the CSS scheme is assessed in an AWGN environment using the OR-Rule
and the AND-Rule at the FC. For the development of EE, all of the publications listed above employed an energy
detection (ED) technique. The ED-based CSS network is more suited to low-noise situations, but its performance
is restricted. As a result, utilising an improved energy detector improves detection probability even further (IED).
In [24], it is shown that how an IED-based CSS network with several antennas at each SU in the network improves

performance.

The paper is organized as follows: Section II briefly discusses the suggested CSS network paradigm. Section III,
addresses a study of the energy efficiency and throughput of the proposed network. Section IV represents the

simulated results, Lastly Section V deals with the conclusion of the article.

2. Proposed CSS Network Model:

An efficient IED based CSS model is proposed in this paper. In the CSS network, one PU, one FC, multiple SUs
is used and each SU consists of multiple antennas. The FC unit controls the three-step process in CSS as follows.
As the first step each CR senses the spectrum and store the information with them. In the second step, sensed data

is reported to FC via reporting channel. Finally, FC takes a decision about PU with the help of fusion rules.

Primary User §

Sensing Channel
Without Error Rate
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Reporting Channel
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Cognitive Radio users

Fig.1. Proposed CSS model.



Based on the signal received at j-th CR, activity of PU (H,: absence and H,: presence) [25] can be decided using

[25];
nj(t) tH,
YOV kom0 A, W

Ineq. (1), j-th CR noise value is n,(7), fading coefficient is represented by h ;»and IED input signal is s;(#) . The

spectrum hole is identified using the proposed model CSS network with multiple antennas (M) at every CR. The

local decision about PU at i-th antenna can be expressed as in [26];

W, =|y|" p>0 2)

When compare to CED the proposed IED p-value must be more than 2 for the better probability of detection.
From eq. (2), the largest value of w; (represented as Z) is selected using selection combining (SC) technique.
Finally, decision about PU can be made providing the comparison between detection threshold (A) value and Z, it

follows as [27],
Z>AH &Z<A:H, 3)

The Rayleigh fading channel PDF is given in [28] as;
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The expression for probability of missed detection (B,,) is possible to quantified as [28];
7
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where y = E;07/0? is S-channel SNR.
At each CR node, P, expression with number of antennas (M) is quantified as [28];
M
I
P, =|1-exp| - (6)
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The expression for Probability of false alarm (Pf) is possible to quantified using the following PDF as [29];

y
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The expression for B, is possible to quantified as [28];
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n

The expression for Pf is possible to quantified as [28];

C
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The overall false alarm and missed detection probability expressions are quantified using OR-Rule are given in
[30] as;

L
0, on =1—(1—Pf) (10)
Qnox =(B.)" (1)
Similarly, for AND-Rule given in [30] as;
L
Qs aw = (Pf) (12)
Qm,AND :1_(1_Pm)L (13)

The flow chart below provides a detailed overview of how we achieved the simulation findings. Initially, we
created the necessary signal, an AWGN signal as noise and fading coefficients. Later, we decided on PU by
comparing the received signal value to a pre-defined threshold value. Furthermore, in the suggested system
architecture, several CRs are employed, and each CR is connected with numerous antennas. The PU decision has
been received by all CRs antennas. Following that, we utilised SC technique to determine where the highest value
falls at each CR. Now, all CR decisions will be transmitted to the FC, and the existence of PU will be determined
at the FC.
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Fig.2. Flow chart for Simulation.

3.Calculation of network parameters

A. Energy Efficiency and Throughput Framework

This section deals with the network parameters called EE and throughput using an expression given in [30]. The

average channel throughput (Cg,,4) is expressed for k-out-of-N fusion rule is shown as;

T,,(L)=P(H)(1-Q,,)t, +P(H,)(1-0,, )1, + P(H,)Q, , (1, +1,) (14)



In the above expression, t,, t;, t, and t, are the throughput values of PU and SU networks.

In this paper, CR network is assumed as the limited energy network in fading environment. In the process of
maximization of EE, the number of CRs and decision threshold values determined as the key factors. In this
context, each node of CR uses energy to perform sensing (e;), to transmit information to FC, CR required energy
(ez). Similarly, e,, and e, are energies utilized by PU and SUs. Finally, total energy (E) consumed is calculated

as given in [25];

E.,(L)= P(Hl)(l—mel)[L(e] +e2)+ep]+P(H])
0, [L(el+e2)+ep+es]+(1—nyl)P(H0) (15)
[L(e1 +e2)+e2]+p(H0)Qﬁ, (N)L(el +e,)

Energy efficiency can be computed as [30];

E, =-2Z (16)

where y can be OR-Rule or AND-Rule.
B. Computation of Optimal Number of SUs Using OR-Rule
The expression for EE using OR-Rule is given in [30] as;

T,
E, o = —= (17)
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where ay = P(H,)(t, +1.)+ P(H, )1, (19)
o, =P(H,)(t,~1,~1.) (20)

a, = P(H,)1, @1
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The maximized value of EE with an optimal SUs using OR-Rule is computed as [30];
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where pgp is a positive value, it ranges from 0 < p < 1 and it can be computed as;
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C. Computation of Optimal Number of SUs Using AND-Rule

The expression for EE using OR-Rule is given in [30] as;

T,
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The maximized value of EE with an optimal SUs using OR-Rule is computed as [30];
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where p,yp is a positive value, it ranges from 0 < p < 1 and it can be computed as;
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4.Results and Discussions
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We have computed the EE value using an IED-based CSS network and multiple antennas at each SU over

Rayleigh fading using various fusion rules at FC. An optimal number of SUs are calculated to maximize the EE

value. Finally, total error rate value also calculated. These calculations are explained with the help of simulations

in this section.

Figures 3 and 4 show EE analysis for different numbers of SUs using OR-Rule at FC for single and multiple

antennas, respectively. The simulation shows that as SUs value rises from L=1 to L=5, the EE value increases by

29% at A=10. According to the calculations when the M value at SU grows from M=1 to M=2, the EE value

increases by 11.4% at A=10. Tables 2 and 3 clearly demonstrate these similarities. Finally, it is obvious that rise

in antennas at each CR enhances the EE value. The simulations are created using the simulation settings provided

in Table 1.
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Fig.3. EE analysis for various threshold value using OR-Rule for M=1.

Table 1: Network parameters values.

Parameter Value Parameter | Value
ty 30 bits e, 0.1]

tg 20 bits e, 0.05]

ts 10 bits ep 4017

fp 5 bits e 101
P(H,) 0.5 P(H,) 0.5

Table 2: EE values using OR-Rule for single antenna case (M=1) @ 1 = 10.

Number of SUs EE value
L=1 0.6979
L=2 0.78
L=3 0.8364
L=4 0.8736
L=5 0.8969

Table 3: EE values using OR-Rule for multiple antennas case (M=2) @ 1 = 10.

Number of SUs EE value
L=1 0.7842
L=2 0.8836
L=3 0.9265
L=4 0.9413
L=5 0.9432
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Fig.4. EE analysis for various threshold value using OR-Rule for M=2.
Figure 5 depicts the EE execution for various SNRs with OR-Rule at FC using multiple antennas at SUs. The
simulation shows that when the SNR value grows, EE value rises. With M=2, EE value enhances by 18.5%, as
SNR value rises from SNR=5dB to SNR=10dB. Table 4 clearly shows these similarities. Finally, it is obvious that
SNR raises the EE value.
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Fig.5. EE analysis for various SNRs using OR-Rule for M=2.



Table 4: EE values using OR-Rule for multiple antennas case (M=2) @ SNR=7dB.

Number of SUs EE value
L=1 0.9511
L=2 0.9580
L=3 0.9591
L=4 0.9398
L=5 0.8542

Fig. 6 and 7 are depicted to assess EE performance for various number of SUs using AND-Rule at FC for M=1
and M=2, respectively. The simulation shows that when the number of SUs grows from L=1 to L=5, the EE value
drops by 21.4% at A=10 and M=1. The simulations also show that when the number of antennas at each SU grows
from M=1 to M=2, the EE value at A =10 increases by 11.4%. Tables 5 and 6 clearly demonstrate these similarities.
Finally, it is obvious that rise in SUs and antennas at each SUs, decreases the EE value utilising the AND-Rule at

FC.
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Fig.6. EE analysis for various threshold value using AND-Rule for M=1.

Table 5: EE values using AND-Rule with M=1 @ 1 = 10.

Number of SUs EE value
L=1 0.6979
L=2 0.6151
L=3 0.5868
L=4 0.5758
L=5 0.5604

Fig.8 depicts the EE performance for numerous SNRs utilising the AND-Rule at FC with M=2. The simulation
shows that when the SNR value grows, so does the EE value. As the SNR value rises from SNR=5dB to



SNR=10dB, the EE value improves by 29.1% with M=2. Table 7 clearly shows these similarities. Finally, it is

obvious that SNR raises the EE value.

Table 6: EE values using AND-Rule for multiple antennas case (M=2) @ 1 = 10.

Number of SUs EE value
L=1 0.7842
L=2 0.6859
L=3 0.6324
L=4 0.6209
L=5 0.5859
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Fig.7. EE analysis for various threshold value using AND-Rule for M=2.

Using the AND-Rule, EE performance falls as the number of CRs rises. As the number of CRs grows according
to the AND-Rule, if any one of the CRs reports that PU is missing, the overall decision regarding PU will become
zero at FC. According to the AND-Rule, if all of the CRs reported that PU exists, then the ultimate judgement
concerning PU is one, else it is zero. As a result, utilising the AND-Rule, the EE value falls as the number of CRs

Srows.

Table 7: EE values using AND-Rule for multiple antennas case (M=2) @ SNR=7dB.

Number of SUs EE value
L=1 0.8542
L=2 0.7663
L=3 0.7046
L=4 0.6620
L=5 0.6319




In Fig.9, EE performance comparison of AND, OR fusion rules are evaluated for various SNRs and numerous
antennas. It has been discovered that SNR optimises the EE of the AND, OR rule. However, the OR rule
outperforms the AND rule. This is due to the fact that when the number of cooperating SUs rises, the likelihood

of detection for the OR Rule increases while decreases with AND rule.
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Fig.8. EE analysis for various SNR values using AND-Rule for M=2.

The efficiency of total error probability (Qm +0Q f) is assessed in Fig.10 for various simulation settings such
as A, (L=1,2,3,4 & 5), (M=2), (p=3) and utilising OR-Rule at FC. Fig.10 shows that (Qm + Qf) value decreases
up to minimum point, then it falls with 4, and at larger values of 4, it approaches a constant value. For p=3, M=2,
=20 and y=5dB, (Qm + Qf) value falls by 78.3% as rise in L from L=1 to L=5. The optimal threshold (14,;)
value also determined using fig.10. The value at which (@, + Q) is the smallest that may be treated as A,y;. As
L value rises, the A, value drops, tilts to the right, and moves away from the origin. Finally, it is clear from the
graph that an increase in A-value, drives the curve to left side, implying that the average error rate moves towards

the origin.

In Fig.11 also (@, + Q) performance is assessed for various parameters A, (L=1, 2,3,4 & 5), (M=2), (p=3)
and using AND-Rule at FC. The graph's behaviour is identical to Fig.10, which is clearly illustrated in that
simulation. For p=3, M=2, A=20 and y=5dB, (Q,, + Q) value falls by 68.1% with the rise in L from L=1 to L=5.
Finally, it is clear from the graph that rise in A -value drives the right side of the curve, indicating that the average
error rate changes away from the origin. (@, + @) values for various SU values are presented in Tables 8 and 9

for the OR-Rule and the AND-Rule, respectively.



Figs.12 and 13 show the ideal number of SUs for various threshold values when utilising multiple
antennas at SUs and the OR-Rule and AND-Rule at FC, respectively. The simulation shows that when the SNR
value grows from SNR=5dB to SNR=15dB, the number of SUs decreases from 6 to 4 at A =10. In the OR-Rule
instance, the ideal number of SUs is smaller for lower threshold values and grows as the threshold value increases.
Similarly, when the SNR value increases from SNR=5dB to SNR=15dB, the number of SUs decreases from 20
to 5 at 1 =5. In the AND-Rule instance, the ideal number of SUs is large for lower threshold values and decreases

as the threshold value increases.
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Table 8: (@, + Q) values using OR-Rule for multiple antenna case (M=2) @ 1=20.

Number of SUs (Qm + Qf) value
L=1 0.6897
L=2 0.4764
L=3 0.33
L=4 0.2296
L=5 0.1609

Table 9: (¢, + Qf) values using AND-Rule for multiple antenna case (M=2) @ 1=20.

Number of SUs (Qm + Qf) value
L=1 0.471
L=2 0.6998
L=3 0.8352
L=4 0.9097
L=5 0.9505

—*—1L=5
0.2 1 1 1 1

0 5 10 15 20 25
Threshold value (\)

Fig.11 Total error rate performance using AND-Rule at FC.

Energy efficiency value rises with the number of antennas for both fusion rules such as OR-Rule & AND-Rule.

We do not have particular value of EE but we need to maximize its value as much as possible. As the EE value is

high, it means that we are using spectrum effectively and we are effectively utilizing energy resources.
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Fig.13 Calculation of Optimal number of secondary users using AND-Rule.

5.Conclusion

This study focuses on identifying unknown signals in a Rayleigh fading environment using the suggested CSS
network. The energy efficiency rating has been increased by employing an IED technique and numerous antennas
at each CR. Furthermore, the activity of the principal user (PU) is identified at FC utilising fusion rules (OR-Rule

and AND-Rule). To measure average throughput and energy efficiency, a mathematical assessment is offered. At



FC, fusion rules (OR-Rule and AND-Rule) are used. Following that, overall error rate performance and a
comparison of single and multiple antenna situations are presented. An optimal number of CR users is determined
in order to optimise the EE value. Finally, it is concluded that when compared to traditional systems, performance

is enhanced with the suggested scheme.
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