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Abstract: This paper introduces an enhanced energy detector (IED) that utilizes the Nakagami-m fading channel with 

maximal ratio combining (MRC) in multiple-input multiple-output (MIMO) configurations. The main objective of the 

research is to optimize the performance of a cognitive radio (CR) system consisting of 𝑁 unlicensed user (SU) and one 

licensed user (PU). By employing Kummer's solution for CR, the expressions for the likelihood of miss detection are 

derived for the p-based energy detection (ED) approach. Arithmetic operation on threshold are incorporated in order to 

improve the efficiency of detection. The effectiveness of the proposed approach is evaluated through error rate analysis, and 

simulations are conducted to validate the derived expressions. The study also investigates the impact of combined 

correlated fading and static distance on detection performance in aligned with faulty state information of channel (CSI). 

Furthermore, the influence of the correlation coefficient is examined through simulations. The results demonstrate that 

antennas connected in an exponential manner outperform those connected uniformly. 

Keywords: Spectrum Sensing, Inter Branch Correlation, Nakagami-m fading channel, Imperfect Channel State Information  

1. Introduction 

With the growing number of connected users on the road, 

there is a rising demand for opportunistic allocation of 

spectrum resources. In dense traffic scenarios, the 

conventional “Dedicated Short-Range Communication 

(DSRC)” may prove inadequate in meeting the resource 

needs due to limitations in data channels. To address this 

issue, the utilization of (CR) technology becomes necessary 

in vehicular communication. Spectrum Sensing (SS) is a 

crucial component of CR, as it involves the identification of 

vacant primary channels that can be utilized. In this context, 

the task of spectrum sensing is performed by Secondary 

Users (SU) [1]. 

In[2] Author presents the use of ED  for SS  when dealing 

with unfamiliar sources. Among various techniques for SS, 

ED stands out due to its simplicity in implementation, as 

highlighted in reference [3]. In order to further enhance the 

detection capabilities of ED, reference [4] proposes a 

modified version called IED. This modified technique 

substitutes the squaring operation in ED with a user-defined 

power value represented as "p." The authors of [4] 

demonstrate that the utilization of IED yields improved 

detection performance compared to the original ED method. 

The author of [4] effectively showcases the enhancement in 

performance achieved by employing IED. The utility of 

range detection utilizing IED is discussed in [5]. [6] 

proposes a solution for selecting the optimal power value, 

denoted as "p," in order to achieve the minimum overall 

error rate. Additionally, [6] investigates the performance of 

multi-antenna-based IED in cooperative SS, whereas the 

aforementioned studies mainly focus on static cognitive 

users. Furthermore, [7] assesses the performance of fading 

over IED in a cooperative network considering the static 

distance of users. [8] Evaluates the efficiency of ED in the 

presence of uncorrelated fading, accounting for imperfect 

CSI. However, in practical scenarios, the placement of 

antennas may be constrained due to space limitations, which 

can potentially impact the quality of the wireless link. To 

estimate the compatibility of multipath components at the 

receiver, common models such as uniform, random, and 

correlated fading are employed [9]. Reference [10] explores 

the performance of ED in the presence of randomly 

correlated Nakagami-m fading channels. The authors 

validate the detection performance of ED with ideal channel 

state information (CSI) by considering various user 

distances within a metropolitan network model. However, 

in practical scenarios, ideal CSI is typically not available, 

thus necessitating the evaluation of detection performance 

under imperfect CSI conditions [11–14]. Several studies in 

the literature have focused on modified threshold techniques 

within scenarios involving uncorrelated and limited users 

[15–19]. These studies aim to address the challenges posed 

by imperfect CSI and propose techniques to optimize the 

detection performance of ED in such scenarios. Applying a 

power-based operation using a value of p can be a valuable 

approach to enhance the performance of ED. Prior studies 

have established performance bounds for Uniform and 
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exponentially correlated fading, taking into account 

limitations imposed by imperfect CSI. In practical 

scenarios, the impact of inadequate CSI on the performance 

of IED at fixed distances can be significant. Combining the 

Static Threshold (ST) and Modified Threshold (MT) 

techniques can further enhance the effectiveness of ED. 

Furthermore, possessing statistical knowledge of the 

received signal-to-noise ratio (SNR) proves advantageous in 

mitigating the effects of antenna correlation and the static 

distance of secondary users [20–24]. Notably, as of now 

there is no any previous research which has proposed or 

investigated the impact of faulty CSI on Uniformly and 

Exponentially correlated MIMO over Nakagami-m fading 

employing MRC to evaluate the detection performance of 

IED. In this article, we contribute in the following ways: 

1. We derive closed-form expressions for the probability 

of missed detection to assess the effectiveness of IED 

in a cognitive radio environment. To account for 

practical scenarios, we consider incomplete channel 

state information. These derived expressions can also 

be applied for independent and identically distributed 

branches. 

2. We evaluate the overall error rate of the same. 

Additionally, we investigate the impact of inter-branch 

correlation on the overall error rate. 

The forthcoming version of the paper will exhibit: 

• Section II: System Model, which provides a detailed 

description of the system model employed in our 

analysis. 

• Section III: Performance of IED, where we 

demonstrate and discuss the performance 

characteristics of IED based on the derived 

expressions. 

• Section IV: Simulation Results, where we present the 

numerical results obtained through simulations. 

• Section V: Conclusion, which summarizes the main 

findings and concludes the paper.

 

 

Fig 1. Network Model 

Figure 1 depicts the model of a cognitive radio (CR) 

network in dense traffic scenarios, as considered in our 

study. The model consists of N unlicensed users, a licensed 

user located at 2-dimensional plane p (x, y), and a Fusion 

Centre. Our assumption is that both the licensed user and 

Fusion Centre are equipped with an individual antenna 

respectively, while the unlicensed user possess “L” 

antennas. For signal combining, we employ Maximum 

Ratio Combining (MRC), which is a simpler technique 

compared to hybrid channel selection. By utilizing MRC, 

we can derive statistical information about the receiver 

signal-to-noise ratio (SNR) even in the presence of noisy 

CSI. 

A.   Static Distance Model: 

The static distance of the secondary user (SU) introduces a 

time-selective fading characteristic. We adopt an auto-

regressive process to define the effect of the SU's static 

distance, as described in [7]. The coefficient of fading 

channel, denoted as “hj”, for the two signalling instances 

can be numerically equated as: 

ℎ𝑗(𝜏1) = 𝜌𝑗ℎ𝑗(𝜏2) + √1 − 𝜌𝑗
2𝑒𝑗(𝜏1)  (1) 

Where, 𝜌𝑗 = 𝒯0 (
2𝛱𝑓𝑐𝑣𝑗

𝑅𝑠𝐶
)  is the correlation parameter that 

represents the gain of correlated time adjacent channel, and 

the remaining notation of the equation is referred from [7]. 

B. Channel Model: 

To evaluate the yield of the cognitive radio, we consider 

the “Nakagami-m” channel and employ Maximum Ratio 

Combining (MRC) with Uniformly and Exponentially 

correlated antennas. Specifically, we examine the case of 

arbitrarily correlated “Nakagami-m fading” over MRC, as 

described in [25]: 

𝑝𝛾𝑀𝑅𝐶(𝛾) =
(1 − 𝜌)𝑚

Γ(𝑚)
∑  

∞

𝑘=0

𝐵 (2(𝑘 +𝑚),
1
2
) 𝑐2(𝑘+𝑚)𝜌𝑘

𝑘! Γ(𝑘 + 𝑚)22(𝑘+𝑚−1)
 

 
× 𝛾2(𝑘+𝑚)−1𝑒−2𝑐𝛾 .1 𝐹1 (2(𝑘 + 𝑚); 2(𝐿 + 𝑘 +𝑚) +

1

2
; 𝑐𝛾) ,  

                                                                                        𝛾 ≥ 0
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(2) 

Here, c = m/(𝛾̅ (1-ρ)), B(α,β) denotes the beta function, m 

is the Nakagami-m parameter, and 𝛾 represents the 

instantaneous SNR. 1𝐹1 refers to the “Gaussian 

hypergeometric function”, and 𝐿 represents total antenna 

branches. 

For the “Nakagami-m” branches with exponentially 

correlated over MRC, the expression is given by [25] and 

references therein: 

𝑓(𝑟1, 𝑟2, … , 𝑟𝐿) =
𝑟1
𝑚−1𝑟𝐿

𝑚

2𝑚−1Γ(𝑚)(1 − 𝜌1
2)𝑚(𝐿−1)

𝑒
−
𝑟1
2+𝑟𝐿

2

2(1−𝜌1
2)
−𝑔1

 

(3) 

where 𝑔1 = {
0,  for 𝐿 = 2

𝜌2+1

2(1−𝜌2)
∑ 𝑟𝑘

2𝐿−1
𝑘=2 , 𝑓𝑜𝑟 𝐿 > 2

, ρ1 is correlation 

parameter for exponential. 

C. Faulty CSI: 

Considering the presence of fading links based on time 

selective. between the primary user and the secondary user, 

the signal received, denoted as "𝑠𝑡ℎ," expressed as follows 

[7]: 

 

𝑦𝑗(𝑠) = 𝜌𝑗
𝑠−1 ℎ𝑗(1)𝑥(𝑠)⏟          
𝑑𝑒𝑠𝑖𝑟𝑒𝑑 𝑠𝑖𝑔𝑛𝑎𝑙

 + 𝑥(𝑠) 𝜙𝑗(𝑠)⏟      
𝑛𝑜𝑖𝑠𝑒 𝑜𝑓 𝑛𝑜𝑑𝑒 𝑠𝑡𝑎𝑡𝑖𝑐 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒

+ 𝑛𝑗(𝑠)⏟  
𝑛𝑜𝑖𝑠𝑒

 

(4) 

To derive the received signal 𝑦_j(𝑠) as described in section 

3, we rewrite the expression of ℎj for the 𝑠𝑡ℎ position of 

signaling as follows: 

ℎ𝑗(𝑠) = 𝜌𝑗
𝑠−1ℎ𝑗(1) + √1 − 𝜌𝑗

2∑  𝑠−1
𝑙=1 𝜌𝑗

𝑠−𝑙−1𝑒𝑗(𝑙)
⏟                

≜∅𝑗(𝑠)

         (5) 

The cumulative noise power for the received signal, as 

described in [7], is defined by the following expression: 

𝜎𝑒𝑓𝑓𝑗
2 = (1 − 𝜌𝑗

2(𝑠−1)
)𝜎2𝐸𝑠 + 𝜌𝑗

2(𝑠−1)
𝜎𝜖𝑗
2 𝐸𝑠 + 𝜎𝑛𝑗

2         (6) 

Here, σ𝑒𝑗
2  represents the variability of imperfect channel 

estimation, ranging from 0 to 1. The symbol energy is 

denoted as 𝐸𝑠. 

D.     Signal Model: 

The binary hypothesis regarding the signal received at the 

𝑗th secondary user (SU) can be expressed as Follows: 

𝐻0: 𝑦𝑗(𝑠) = 𝑛𝑗(𝑠)

𝐻1: 𝑦𝑗(𝑠) = 𝜌𝑗
𝑠−1ℎ𝑗(1)𝑥(𝑠) + 𝑥(𝑠)𝜙𝑗(𝑠) + 𝑛𝑗(𝑠)

         (7) 

 

In this context, 𝐻₀ represents the absence of the primary 

user (PU) signal, while 𝐻₁ signifies the presence of the PU 

signal. The decision statistics for the 𝑗th SU using the 

Improved Energy Detector (IED) at the 𝑠𝑡ℎ instant are 

provided in [7]. 

    𝑊𝑗 ≜
2

𝑁0
∫  
𝑇

0
|𝑦𝑗(𝑠)|

𝑝
𝑑𝑡, 𝑝 > 0                       (8) 

In the above equation, 𝑝 represents the arbitrary power 

parameter for the IED, and 𝑊j refers to the decision 

statistic for the observation at the 𝑠𝑡ℎ instant at the 𝑗th SU. 

It is important to note that if we substitute 𝑝 with the 

squaring operation, 𝑊j will reduce to the level associated 

with ED. 

2. Performance of IED Over Correlated 

Nakagami-M Fading Under Threshold 

Verification 

We calculate missed detection probability by deriving the 

Probability Density Function under the 𝐻₀ and 𝐻₁ 

hypotheses.PDF under Ho and H1 hypothesis. 

The PDF of the Signal-to-Noise Ratio (SNR) under the 𝐻₀ 

hypothesis, considering additive white Gaussian noise, is 

expressed as: 

𝑓𝑊𝑗∣𝐻0
(𝑦𝑗) =

1

𝑝Γ(𝑢)2𝑢−1
𝑦
𝑗

2𝑢
𝑝
−1
exp (

−𝑦
𝑗

2
𝑝

2
)   

(9) 

To calculate the missed detection probability over MRC, 

we obtain the PDF under the 𝐻₁ hypothesis as follows [8, 

Eq. 20]: 

𝑓𝑤𝑦 ∣ 𝐻1(𝑧) =

4𝑧
2−𝑝
𝑝 exp(−

𝑧
2
𝑝

𝑝(2𝑘−1)
) + 𝜎𝑒𝑓𝑓

2

𝑝(𝑝2(𝑘−1) + 𝜎𝑒𝑓𝑓
2 )

                                                   × (1 − exp

𝑧2

𝑝

𝑝2(𝑘−1) + 𝜎𝑒𝑓𝑓
2 )

 

(10) 

A. Pm with Modified Threshold: 

The probability of missed detection with Modified 

Threshold is expressed as follows: 

𝑃𝑚 = ∫  
𝜆

−∞

𝑓𝑊𝑗∣𝐻1
(𝑧)𝑓𝑧(𝑧)𝑑𝑧 

(11) 

By substituting equation (2) into equation (11), the integral 

term for the missed detection probability over a uniformly 

distributed Nakagami-m channel can be expressed as: 
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𝑃𝑚 = ∫  
1

−∞

4𝑧
2−𝑝
𝑝 exp(−

𝑧
2
𝑝

𝜌(2𝑘−1)
) + 𝜎𝑒𝑓𝑓

2

𝑝(𝜌2(𝑘−1) + 𝜎𝑒𝑓𝑓
2 )

 

× (1 − exp

𝑧2

𝑝

𝜌2(𝑘−1) + 𝜎𝑒𝑓𝑓
2 ) 

               × 𝑧2(𝑚+𝑘)−1𝑒−2𝑐𝑧.1 𝐹1 (2(𝑚 + 𝑘); 2(𝑚 + 𝑘)

+
1

2
; 𝑐𝑧) 

×
(1 − 𝜌)𝑚

Γ(𝑚)
∑  

∞

𝑘=0

𝐵 (2(𝑚 + 𝑘),
1
2
) 𝑐2(𝑚+𝑘)𝜌𝑘

𝑘! Γ(𝑚 + 𝑘)22(𝑚+𝑘−1)
𝑑𝑧 

To further analyze the aforementioned integral, let us 

consider: 

𝑡 = (1 − exp 
−𝑧2/𝑝

𝜌2(𝑘−1) + 𝜎𝑒𝑓𝑓
2 ) 

so that, 

𝑑𝑡 =
2𝑧(2−𝑝)/𝑝exp (−𝑧2/𝑝(𝜌

(2𝑘−1)) + 𝜎𝑒𝑓𝑓
2 )

𝑝(𝜌2(𝑘−1) + 𝜎𝑒𝑓𝑓
2 )

𝑑𝑧 

For Pm, it is suggested to use equation (15) by adjusting 

the bounds and solving the integral using software such as 

Mathematica. Special integral rules described in [27] can 

be applied, and constants within the integral can be 

removed or simplified. The Lauricella hypergeometric 

function can be denoted by the symbol 𝐹₁. 

Similarly, in the case of Exponential correlation, the 

likelihood of missing a detection can be expressed as 

follows: 

𝑃𝑚1 = ∫  
𝜆

−∞

4𝑧(2−𝑝)/𝑝exp (−𝑧2/𝑝/𝜌(2𝑘−1)) + 𝜎𝑒𝑓𝑓
2

𝑝(𝜌2(𝑘−1) + 𝜎𝑒𝑓𝑓
2 )

× (1 − exp 
𝑧2/𝑝

𝜌2(𝑘−1) + 𝜎𝑒𝑓𝑓
2 )

×
𝑧𝑚−1𝑧𝑚

2𝑚−1Γ(𝑚)(1 − 𝜌1
2)𝑚(𝑛−1)

𝑒
−
𝑧2+𝑧2

2(1−𝜌1
2)
−g1
𝑑𝑧

 

(12) 

The missed detection probability can be calculated using 

equation (18), where 𝑙1, 𝑙2, and 𝑙3 are defined as 𝜌1
2𝐿−1, 𝑚𝛾, 

and 𝜆𝑘, respectively. The term 𝐾𝑢 represents Kummer's 

solution, as described in [27], with 𝑧1, 𝑧2, and 𝑧3 denoting Г 

(2𝐿 − 1), 𝜆, and 𝛾, respectively. 

Refer Appendix ■ 

B. Total Error Rate Analysis Under MT: 

FC calculates the overall error rate of CR Network. Binary 

decision broadcasted by each SU, indicating the presence 

or absence of the PU which is based on the decision rule 

outlined in [7]. These individual decisions from 𝑁 SUs are 

then transmitted to the FC, but the reporting channel may 

introduce errors. Consequently, 𝑁 binary decisions are 

obtained. The total error rate 𝑄, taking into account the 

imperfections in the reporting channel, can be computed as 

described as: 

𝑄 ≜ 𝛽𝐸𝑓 + (1 − 𝛽)𝐸𝑚 

(13) 

The equation represents the required error rate, 𝑄, which 

gets influenced by both the likelihood of false alarm, 𝐸𝑓, 

and the probability of missed detection, 𝐸𝑚, at the FC. The 

probabilities of the prior information for hypotheses 𝐻0 and 

𝐻1 are denoted as 𝛽 and (1 - 𝛽) respectively, as indicated in 

equation (13). In the context of the investigated dense 

traffic CR Network model, an equiprobable hypothesis is 

considered, with 𝛽 = 0.5, to reflect the overall error rate. 

𝐸𝑓 = 1 − [(1 − 𝑃𝑓)(1 − 𝜀) + 𝜀𝑃𝑓]
𝑁

𝐸𝑚 = [𝑃𝑚(1 − 𝜀) + 𝜀(1 − 𝑃𝑚)]
𝑁

 

(14) 

To calculate the overall error rate, we consider 𝑁 = 2. The 

values for the probability of missed detection, 𝐸𝑚, and the 

probability of false alarm, 𝐸𝑓, are obtained from equations 

(16) and (17) respectively. The error probability is defined 

as 𝜀. 

3. Pm Analysis for Uniform Dand Exponential 

With Mimo System 

In this section, we focus on deriving the missed detection 

probability for the Uniform and Exponential correlated 

MIMO configurations. These derived expressions are 

valuable in assessing the significance of the MT. Through 

an analytical approach, we obtain closed-form expressions 

for the missed detection probability in the Uniform and 

Exponential correlated MIMO configurations using 

traditional methods. Equations 19 to 28 present the specific 

expressions for the missed detection probability. 

𝑃𝑚 =
1

2(1 − exp(𝑀))2
× 𝑘𝜇(𝑧1, 𝑧2, 𝑧3)

.
 

(15) 

𝐸𝑚 = 0.5(1 − exp(𝑀))
2 × (1 − 𝜖) + 𝜖 − 0.5(1 − exp(M))2

  

(16) 

Where, 
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𝑀

= 
𝜆
2
𝑝

1 + 𝜆𝑝
𝑗

(2(𝑘−1))
+ 𝐹1(𝑝

2𝑘−1, 𝑚, 𝑘) + 𝑝(2(𝑘−1))𝜎
2𝑒𝑓𝑓

𝜎2𝑛 

𝐸𝑓 = 1 −

(

 
 1

2
−
1

2
(1 − exp

−𝜆
2
𝑝

𝜎𝑛
2
)

2

× (1 − 𝜖)

)

 
 
+ 𝜖

− (
1

2
−
1

2
(1 − exp 

−𝜆2/𝑝

𝜎𝑛
2
)

2

× (1 − 𝜖)) 

(17) 

𝑃𝑚1 = (1 − exp (
1

1 + 𝜆𝜌𝑗
(2(𝑘−1))

+ 𝜌1
(2(𝑘−1))

𝜎𝑒𝑓𝑓
2
𝜎𝑛
2))

2

× 𝐹1(𝑙1, 𝑙2, 𝑙3) 

(18) 

𝑊 = ∫  
∞

0

∫  
𝑦𝑧

−∞

𝑑

4𝑎𝑏
(𝜋 + 2arcsin (

2(𝑦2 − (𝑑′′)2)

𝑦2
)) 

(19) 

 

𝑋 =
24𝑚−4−𝑖1−𝑖2Γ (

1
2(4𝑚 + 2𝑘1 + 𝑖2 − 2𝑘2 − 2 − 𝑖1)

)

Γ(4(𝑚 − 1))
 

                               ×
Γ(1/2(𝑖1 − 2𝑘1 + 2𝑘2 + 4𝑚))

Γ(1/2(2𝑚 − 𝑖1 − 𝑖2))
𝑑𝑥𝑑𝑦 

(20) 

𝑃𝑚(𝑀I𝑀𝑂) = 𝑊 × 𝑋 

(21) 

𝑌 = 𝑘𝐵𝑘∑ 

𝑇𝑘

𝑛=1

𝜆𝑘
𝑛𝑚𝑧𝑚

𝑒ℎ𝑝𝜂/𝑎𝑏(1/𝑎𝑏)

𝑑2
 

(22) 

𝑍 =
24𝑚−4−𝑖1−𝑖2Γ (

1
2(4𝑚 + 2𝑘1 + 𝑖2 − 2𝑘2 − 2 − 𝑖1)

)

Γ(4(𝑚 − 1))
 

                                  ×
Γ(1/2(𝑖1 − 2𝑘1 + 2𝑘2 + 4𝑚))

Γ(1/2(2𝑚 − 𝑖1 − 𝑖2))
 

(23) 

𝑃𝑚(𝑀𝑅𝐶) = 𝑌 + 𝑍 

(24) 

𝑄1 =
24𝑚−4−𝑖1−𝑖2Γ (

1
2(4𝑚 + 2𝑘1 + 𝑖2 − 2𝑘2 − 2 − 𝑖1)

)

Γ(4(𝑚 − 1))
 

                               ×
Γ(1/2(𝑖1 − 2𝑘1 + 2𝑘2 + 4𝑚))

Γ(1/2(2𝑚 − 𝑖1 − 𝑖2))
 

(25) 

𝑃𝑚(𝑈𝑛𝑖)

= ∑  
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) (
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) (
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) (
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𝑘2
) 

                             × 𝐴𝑘 × 𝐵𝑘∑ 
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𝑛=1

𝑑𝑘
𝑛𝑚𝑧𝑚

𝑒
ℎ𝜌𝑛

𝑎𝑏 (
1
𝑎𝑏
)

𝑑2
 

(26) 

 

𝑄2

=
𝐾228𝜋

5
2

22𝑚−1

24𝑚−4−𝑖1−𝑖2Γ (
1

2(4𝑚 + 2𝑘1 + 𝑖2 − 2𝑘2 − 2 − 𝑖1)
)

Γ(4(𝑚 − 1))
 

                           ×
Γ(1/2(𝑖1 − 2𝑘1 + 2𝑘2 + 4𝑚))

Γ(1/2(2𝑚 − 𝑖1 − 𝑖2))
 

(27) 

 

𝑃𝑚(𝐸𝑥𝑝)

=

𝐿𝑟𝜋
𝜇𝑥+𝜇𝑦
2 ∑  ∞

𝑘=0

𝑘!𝑚𝑘𝐿𝑘

𝜇𝑥+𝜇𝑦
2 ((

2
𝜇𝑥 + 𝜇𝑦

+ 1)2𝑟𝛼)

(
𝜇𝑥 + 𝜇𝑦
2

+ 1)
𝑘

2
𝜇𝑥+𝜇𝑦
2 +1Γ (

𝜇𝑥 + 𝜇𝑦
2

+ 1) exp (
𝑟𝜋

2
)

× 𝑄2 

(28) 
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Fig 2. Pd against Pf between SISO and MIMO 

 

Fig 3. Pm against Pf between SISO and MIMO 

 

 

 

Fig 4. Threshold Operation against Pf
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4. Numerical Results 

The detailed analysis of these results can be found in our 

pre-print papers [28] and [29]. However, in this section, 

we validate our analysis by conducting Monte Carlo 

simulations. These simulations provide valuable insights 

into the design and implementation of CR systems with 

threshold operations. We performed the simulations 

using MATLAB, with a total of 10e8 simulation runs. 

Various first-order performance metrics, such as the 

probability of false alarm and detection probability, were 

identified and evaluated. Specifically, we focused on 

assessing the performance of the Uncorrelated, Uniform 

correlation, Exponential correlation, MRC with 

Exponential correlation, and MIMO systems using the 

MT. 

Figure 4 illustrates the relationship between threshold 

operations and false alarms. The results show that as the 

false alarm rate increases, the magnitude of the threshold 

decreases. The mean, addition, and subtraction 

operations are compared in this analysis. Interestingly, it 

is observed that these operations provide equal margin 

gains for certain false alarm values. This suggests that, 

for 5G and beyond systems, selecting the lowest and 

optimal false alarm value becomes crucial in determining 

the most suitable threshold operation to perform. 

 

Fig 5. Pd against Correlation Coefficient (Rho) with ST and MT 

 

Fig 6. Pd against Pf with MT for SISO and Correlated MIMO 
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Fig 7. Pd against Pf with MT for Correlated MIMO over MRC 

Figure 9 presents the detection probability as a 

function of the signal-to-noise ratio (SNR) for both 

single-input single-output (SISO) and multiple-input 

multiple-output (MIMO) systems. The results clearly 

demonstrate that the utilization of the MT significantly 

enhances the detection probability. Specifically, at low 

SNR values, such as -20dB, the MT plays a crucial 

role in correctly identifying the samples of the 

detected signal. This underscores the importance of the 

threshold operations and their impact on the overall 

detection performance. This highlights the superior 

performance of the modified threshold in detecting 

signals under challenging conditions. 

 

Fig 8. Pd against Rho with MT for Correlated MIMO over MRC 

 

Fig 9. Pd against SNR with MT for Correlated MIMO over MRC 

Furthermore, Figure 6 emphasizes the significance of 

the MT in MIMO systems. In contrast to SISO systems, 

the MT often improves the performance of MIMO 

systems with dual antennas, particularly in the low SNR 

regime. This suggests that the utilization of multiple 

antennas can effectively mitigate the adverse effects of 

deep fading, leading to a more reliable detection of the 

signal. 

Figure 2 illustrates a comparison between SISO and 

MIMO configurations using the MT in terms of false 
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alarm rates. The plot represents the detection probability 

as a function of the false alarm rate. The results clearly 

demonstrate the importance of the MT in both SISO and 

MIMO configurations. It is observed that as the false 

alarm rate approaches unity (i.e., a high probability of 

false alarm), the detection probability also tends towards 

unity. This validates the expected behavior of false alarm 

rates and their impact on the overall detection 

performance in both SISO and MIMO systems.

 

 

Fig 10. Pm against Users 

Figure 3 presents a comparison between SISO and 

MIMO configurations using the MT. The plot shows the 

missed detection probability as a function of the false 

alarm rate. The results clearly indicate the significance of 

the modified threshold in both configurations. It also 

demonstrates the consistent improvement achieved 

through the threshold operations. Considering that 

wireless communication channels are subject to 

continuous broadcasting, employing MIMO design with 

the modified threshold can be an effective solution for 

detecting the PU and mitigating deep fades. The study 

further confirms the behavior of false alarm rates, 

showing that as they approach unity, the missed 

detection probability approaches zero. 

Figure 7 to Figure 9 provide insights into the 

significance of the MT for MIMO systems and correlated 

systems. These figures demonstrate the improvements in 

detection probability achieved by applying robust 

numerical methods to the threshold operation. It is worth 

noting that the numerical methods employed do not 

compromise the performance of the IED by introducing 

analytical loops. This implies that the performance of the 

IED relies on factors such as the non-linearity parameter 

of the fading channel and the spacing between antennas. 

Figure 10 focuses on missed detection probability in 

relation to the number of users, aiming to enhance the 

usage of an effective SS technique. The plot reveals that 

as the number of users increases, the detection 

performance for SS in CR networks improves. This 

highlights the importance of considering multiple users 

in the detection process and the potential benefits of 

leveraging advanced SS techniques. 

5. Conclusion 

We assess the performance of an ED in a vehicular 

network using dual antennas at the SU. Specifically, we 

evaluate the ED's performance over both evenly and 

exponentially correlated Nakagami-m fading channels, 

considering the MT approach. We calculate the 

likelihood of missed detection using MRC diversity 

scheme. 

Our analysis takes into account various factors that can 

impact the ED performance in vehicular networks, 

including the static distance between SUs, imperfect 

CSI, and antenna correlation. We find that faulty CSI can 

lead to a reduction in detection performance, particularly 

at the same relative distance. Furthermore, the overall 

error rate is influenced by both antenna correlation and 

the static distance of the SUs. Interestingly, we observe 

that exponential correlation yields superior performance 

compared to linear correlation. This suggests that 

incorporating exponential correlation can enhance the 

ED's ability to detect primary users. Importantly, we note 

that the use of the MT approach does not negatively 

affect the natural behavior of the system, demonstrating 

its compatibility and effectiveness. 

VI .APPENDIX - ANALYSIS OF MISSED DETECTION 

PROBABILITY 

In this section, we focus on calculating the missed 

detection probability for the ED over a Uniformly 

correlated Nakagami-m fading channel. To do this, we 
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evaluate the internal terms of the integral involved in the 

calculation. By removing the constants from the integral 

and performing specific mathematical manipulations, we 

can represent the integral terms using a specific integral 

rule provided in [27]. 

 

𝑃𝑚 = ∫  
𝜆

−∞

4𝑧(𝑝−2)/𝑝exp (−𝑧2/𝑝/𝜌(2𝑘−1)) + 𝜎𝑒𝑓𝑓
2

𝑝(𝜌2(𝑘−1) + 𝜎𝑒𝑓𝑓
2 )

𝑑𝑧 

(29) 

We keep the constant outside and further solving: 

  
𝑃𝑚 = {[

1

2
𝑖(3−𝑝)𝑝𝑝 (Γ (−

1

2
(𝑝 − 3)𝑝) −

Γ (−
1

2
(𝑝 − 3)𝑝, −100001/𝑝) , 0 < ℜ(𝑝) < 3

 

(30) 

 

Equation (15) is derived by simplifying Equation (30) 

using the identity given in [26, Section 8]. By 

substituting Equation (3) into Equation (11) for an 

exponentially correlated Nakagami-m fading, we obtain 

the expression for the missed detection probability, 

which is given by Equation (15).  
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