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Abstract— The Primary User (PU) signal detection in Cognitive Radio (CR) is crucial and is achieved through spectrum sensing techniques. 

The Energy Detection method is a commonly used technique, and selecting a proper threshold is essential to enhance the efficiency of the CR 

system. This research paper demonstrates the maximum achievable throughput and validates a Modified Threshold (MT) approach. The authors 

consider a scenario with multiple antennas at the receiver, where these antennas are correlated and subjected to mobility effects, and they 

employ the Energy Detection (ED) for spectrum sensing. The study analyzes the system's performance over a Nakagami-m fading channel, 

considering available correlations among the antenna elements. To compute important statistical values, the Moment Generating Function 

(MGF) method is employed. The research employs specialized mathematical functions, such as the Lauricella and confluent hypergeometric 

functions, to derive closed-form expressions for the Probability of Detection when employing the diversity technique. The results indicate a 

significant enhancement in the performance of the proposed algorithm when utilizing the modified threshold parameter across a wide range of 

Signal to Noise Ratio (SNR) values. Additionally, increasing the number of branches in the antenna system further improves detection 

performance. Interestingly, under high fading parameter conditions (m=4), the detection probability is found to be superior with exponential 

correlation among the L antenna elements compared to other available correlated branches. 

Keywords- Achievable Throughput, Vehicular Ad hoc Network, Correlation, Missed-detection probability, MGF 
 

I.  INTRODUCTION 

Over the past times, the rapid advancement of wireless 

communication has led to a notable challenge: accommodating 

a growing multitude of wireless devices within a limited 

spectrum bandwidth. CR presents a solution by enabling 

Secondary Users (SUs) to utilize licensed frequency bands 

when PU is inactive. Among the available techniques, the ED 

method is widely favored for spectrum sensing [1]. 

Nevertheless, the performance of ED is significantly 

compromised when dealing with low SNR levels. Studies 

suggest that the precision of spectrum sensing largely depends 

on choosing the right threshold. Enhancing the effectiveness of 

spectrum sensing can be achieved by incorporating a greater 

number of antennas within the confined space of wireless 

devices. Due to the minimal spacing between adjacent antenna 

elements, the emergence of correlation among these elements is 

essentially unavoidable [2]. This correlation can manifest as 

uniform, exponential, or arbitrary, contingent upon the 

arrangement of the antenna branches. The evaluation of 

parameters like Probability of Detection (Pd), Probability of 

False Alarm (Pf), and Probability of Miss-detection (Pm) 

provides insight into the performance of spectrum sensing. 

Additionally, the efficiency of spectrum sensing is influenced 

by both the total count of antenna branches and the impacts of 

multipath fading [3]. The characteristics of multipath fading 

differ based on the specific diversity combining technique 

employed. Among the available diversity techniques, MRC 

stands out as the optimal choice due to its superior performance, 

even though it entails a more intricate algorithm and a 

prerequisite for knowledge about the channel's state compared 

to EGC and SC diversity [4]. 

This article examines the performance of detection in the 

context of MRC using the suggested MT [35]. In order to 

simplify the process, a total of 20 samples (N) are employed. 

The article also demonstrates impact of MT on achievable 

throughput. Moreover, the influence of correlation, and SNR on 

detection efficiency when employing the MT is also 

demonstrated. The authors adopt the Nakagami-m fading 

channel for their analysis due to its relevance in both indoor and 

outdoor environments. It's worth noting that by appropriately 

configuring the Nakagami factor m, this channel model can 

simulate conditions akin to Rayleigh and Rician fading 

channels [4].   

The subsequent parts of the article are outlined as below. The 

section-II covers an exploration of pertinent literature. The 

section-III introduces the Impact of MT on achievable 

throughput. Elaboration on the system and signal model is 

presented in the section-IV. The section-V encompasses a 
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discussion of the simulation setup and methodology. The 

culmination of the study is encapsulated in the section-VI. 

II. RELATED WORK 

Diverse spectrum sensing techniques have been thoroughly 

examined and compared in [6]. Of these methods, ED has 

garnered significant attention despite its limitations. Research 

efforts have been dedicated to improving ED's performance, 

particularly in low SNR conditions, as evident in [9] [10-

12][23]. In the presence of noise, Urkowitz investigated signal 

identification using ED [7]. This method involves squaring and 

integrating energy samples of the received signal, then 

comparing them against a decision threshold. However, NU 

impacts the determination of the threshold parameter. 

Researchers in [10] stretched the work of [7] by calculating 

average probability of detection. They explored various fading 

channels to develop closed-form expressions for Pf and Pd. In 

[11], equations for average Pd were derived under Independent 

and Identically Distributed (i.i.d.) conditions for combining 

techniques like EGC, SC, and SSC, within a Rayleigh fading 

channel. [12] expanded this to include SLC. Notably, [10-12] 

employed a single threshold approach, limiting effectiveness in 

low SNR scenarios. [8] examined ED, Wavelet-based Detector 

(WD), and Cyclo-stationary Feature Detector (CSFD) for 

single-carrier signals. [9] extended this to multi-carrier signals 

with a single threshold, demonstrating reduced efficacy in low 

SNR conditions. [1] improved on [9] by introducing an adaptive 

double threshold approach, outperforming the single threshold 

in [1]. However, the double threshold used in [9] is non-

dynamic, yielding suboptimal performance. 

Closed-form expressions for average detection probability (𝑃𝑑̅̅̅̅ ) 

were derived for i.i.d. diversity branches, detailed in [13-16]. 

[17] established closed-form expressions for 2, 3 and 4 number 

of antenna branches in SLC. [18] explored the Independent but 

Non-identically Distributed (i.n.i.d.) branches, considering 

constant correlation. The impact of uniform correlation over the 

Nakagami-m fading channel was studied in [19]. While [3] 

assumed static users with correlated antennas over Nakagami-

m fading channels, exponential correlation was found superior 

to uniform correlation in accuracy. Note that this work had 

limited scope in terms of antenna branches. Additionally, [34] 

and [35] applied the MT approach to enhance ED's detection 

efficiency for 2*2 MIMO and multi-carrier signal respectively, 

without investigating its impact on throughput. 

All the mentioned studies focus on stationary users, limiting 

direct applicability to Vehicular Ad-Hoc Networks (VANETs). 

[20] computed Pf and Pm without effect of correlation between 

antenna branches. [21] investigated arbitrary correlation for a 

dual antenna receiver. In [4], closed-form Pd expressions were 

derived for L antennas using a ST. ED's compromised detection 

performance at low SNR due to NU necessitates a dynamic 

threshold mechanism is addressed in [4]. 

To our knowledge, no prior attempt has enhanced ED 

performance through a modified threshold in the context of 

VANETs, as presented in [4]. Moreover, the impact of 

Modification in the threshold is not investigated on the 

achievable throughput. In consideration of these factors, authors 

investigated the impact of MT on the achievable throughput. 

Moreover, detection performance for MRC with all possible 

correlations using the MT approach is also investigated. 

III. IMPACT OF MODIFIED THRESHOLD ON THROUGHPUT  

In [23], a Markov model is introduced to tackle the challenge of 

detection performance. The calculation of the upper threshold 

(UT) and lower threshold (LT) is achieved through the 

utilization of Equations (1) and (2) [34]. 

UT = (
2

𝑁
𝑄−1(𝑃𝑓) + 1) ∗ 𝑁𝑈 

(1)  

  LT = (
2

𝑁
𝑄−1(𝑃𝑓) + 1) ∗

1

𝑁𝑈
 

(2) 

Where, NU be the Noise Uncertainty in dB (vary from 0.5 dB 

to 1 dB for spectrum sensing) [33]. 

As NU becomes more pronounced, the gap between the double 

threshold parameters widens to prevent instances of missed 

detections as depicted in Figure 1 and Figure 2. As a result, the 

implementation of ED with the adaptive double threshold 

demonstrates improved performance at low SNR. However, it's 

important to note that employing the double threshold 

mechanism leads to an extended sensing time, rendering it 

unsuitable for spectrum sensing. 

 
Figure 1 Impact of NU = 0.5 dB on Adaptive Double Thresholds 

Building upon the concepts mentioned earlier, the research 

presented in [35] introduces a method to establish a fixed 

threshold parameter through the utilization of the adaptive 

double threshold. This involves operations such as addition, 

subtraction, calculation of the mean, and determination of the 

median value based on UT and LT. 
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Figure 2 Impact of NU = 1 dB on Adaptive Double Thresholds 

It's important to highlight that utilizing the mean, median, and 

subtraction methods results in threshold values consistently 

lower than Uʎ, thereby enhancing the effectiveness of the 

detection performance. 

Figure 3 illustrates the fluctuation in the computed threshold 

across a Pf range from 1 to 0.0001. This analysis pertains to a 

random environment with a single user and an NU value of 1 

dB. Similar to the observations in Figure 3, the application of 

mean, median, and subtraction methods has resulted in a 

reduction of the threshold value. This reduction inherently 

contributes to enhanced detection performance. Additionally, 

it's noteworthy that among all the calculated thresholds during 

simulations in a random scenario, the intelligently determined 

value of subtraction (ʎs) is the lowest. This aspect underscores 

the choice of utilizing ʎs as the modified threshold parameter to 

bolster detection performance within the context of VANETs. 

 
Figure 3 Comparision of proposed Thresholds 

A separate series of simulations is conducted to assess the 

influence of NU on the parameter ʎs. The outcomes are 

depicted in Figure 4, illustrating the shifts in thresholds across 

a predefined Pf range. 

 
Figure 4 Assessment between ST and MT 

It has been noted that as NU escalates, the value of ʎs tends to 

approach the values obtained from the static threshold. 

Importantly, it's worth mentioning that the value of ʎs 

consistently remains lower than static threshold. Consequently, 

employing ʎs serves as a safeguard for maintaining 

performance when utilizing ED even in scenarios with 

unfavorable conditions. 

 
Figure 5 Frame Structure of Periodic Spectrum Sensing 

As discussed earlier, the sensing time is also one of the prime 

performance indicators. The sensing approach should offer higher 

throughput with lower sensing time. The sensing time depends on 

the N. As we increase the N, more time will be taken by the sensing 

approach to sense the spectrum and hence offer less achievable 

throughput for the SUs. As given in [36], the N=τfs; with fs 

denoting the sampling frequency. The average throughput is given 

by equation (3). 

𝑅(𝜏) = 𝑅0(ʎ, 𝜏) + 𝑅1(ʎ, 𝜏) 

(3) 

where, 

𝑅0(ʎ, 𝜏) =
𝑇 − 𝜏

𝑇
𝐶0(1 − 𝑃𝑓(ʎ, 𝜏))𝑃(𝐻0) 

(4) 

𝑅1(ʎ, 𝜏) =
𝑇 − 𝜏

𝑇
𝐶0(1 − 𝑃𝑑(ʎ, 𝜏))𝑃(𝐻1) 

(5) 

C0 and C1 represent the Shannon capacities of the SU network 

under two different scenarios: when the PU is active and when it's 

inactive, with corresponding probabilities P(H0) and P(H1). The 

term "T − τ" denotes the duration of data transmission, with "τ" 
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representing the sensing slot, as depicted in Figure 5. The 

optimization problem can be given as: 

 

max 𝜏       𝑅(𝜏) = 𝑅0(𝜏) + 𝑅1(𝜏) 

𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜:   𝑃𝑑(ʎ, 𝜏) ≥  𝑃𝑑̅̅̅̅   

(6) 

 

 
Figure 6 Sensing Time Analysis for ADT Approach 

It is assumed that the PU follows the Circularly Symmetric 

Complex Gaussian (CSCG) process with SNR=-15 dB and the fs 

is 30.72 MHz. Additionally, it is presumed that the sensing channel 

experiences Rayleigh fading with a fading parameter of 0.2. The 

SNR for SU transmission is 20 dB. The P(H1) is set at 0.2, and the 

desired Pd is 0.9. The sensing operation is conducted at regular 

intervals, with each sensing frame lasting 10 milliseconds. The 

simulation shown in Figure 6 is carried out to observe the sensing 

time. Sensing time represents how quickly the algorithm can sense 

the available spectrum. We see that the sensing time is decreased 

with an increase in the sensing time. In continuation with the 

sensing time analysis, the simulation is also carried out to observe 

the optimum sensing time as depicted in Figure 7. Optimum 

sensing time indicated the maximum achievable throughput for the 

secondary users. We see that the ADT-based ED takes 2.94271 mS 

to achieve a maximum throughput of 0.00387561 Bits/Sec/Hz. 

The performance of the MT is also validated in terms of the sensing 

time analysis as compared to the ADT-based ED approach. We see 

that the sensing time is decreased with the use of the MT approach 

with respect to the ADT approach. For specific sensing time values, 

the ADT-based approach introduces more false alarms to achieve 

Pd=0.9 as compared to the MT-based ED approach. Hence, the 

lesser achievable throughput by the SUs with the ST-based 

approach. Moreover, as depicted from Figure 8 the gap between the 

ADT-based approach and the MT-based approach decreases and 

hence the achievable throughput is increased. We observe optimal 

sensing time as 1.41276 mS where we achieve maximum 

achievable throughput by MT-based approach as depicted in Figure 

9. 

The MT-based approach is compared with the ADT-based approach 

to observe the maximum achievable throughput as shown in Figure 

10. The MT-based approach takes 1.41276 mS to achieve the 

maximum throughput of 0.0178337 Bits/Sec/Hz while the ADT-

based approach takes 2.94271 mS to achieve a maximum 

throughput of 0.00387561 Bits/Sec/Hz. Hence, the transmission 

opportunity is more in the MT-based ED approach as it takes less 

sensing time. Moreover, the throughput is fallen down after the 

optimal sensing time. The simulations are carried out by taking the 

 

 
Figure 7 Maximum Achievable Throughput for ADT Approach 

 

 

Figure 8 Sensing Time Comparison 

 

 
Figure 9 Achievable Throughput with MT 

 

SNR=-15 dB. Moreover, as the SNR increases the detection 

efficiency is also improved with lesser sensing time and the higher 

achievable throughput. 
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Figure 10 Achievable Throughput Comparison 

 

 
Figure 11 Impact of SNR on Achievable Throughput 

To check the impact of the SNR on the achievable throughput, we 

simulate by taking the higher value of SNR and comparing it with 

the simulation presented in Figure 17. As depicted from Figure 11, 

we see the required sensing time for the higher value of SNR is 

lesser, and hence the SU will have a higher throughput. 

Consequently, the detection efficiency is also improved with the 

MT-based detector as it introduces the lesser Pf compared to the 

ADT-based detector. 

To demonstrate the benefits, we compare the effectiveness of the 

detector with the modified threshold to the method outlined in [4], 

which utilizes a fixed threshold. To enhance understanding, the 

following section provides a concise overview of the system model 

employed in the simulation as described in [4]. 

 

 

 

 

 

 

 

 

 

IV. SYSTEM MODEL 

A. Network and Signal Model 

 
Figure 12 Network model 

To illustrate the efficacy of the MT, simulations are conducted 

within the VANET setting elucidated in [4]. As depicted in 

Figure 12, the SU vehicle begins its route from location A to D. 

The road's dimensions are indicated by “w” for width and “l” 

for length. The symbol “d” signifies the initial distance between 

the vehicle and the PU, while d1, d2, and d3 represent the 

distances from the PU at points B to D respectively. The SU 

vehicle is armed with “L” antennas and engages in 

communication via a Nakagami-m fading channel. 

The contest of spectrum sensing can be elucidated using a 

binary hypothesis. This binary hypothesis is employed to 

distinguish between the H0 and H1 of a primary user. Assuming 

that the SU is within the operational range of the PU, the signal 

received by the ith antenna is mathematically described in 

Equation (7): 

𝑦𝑖(𝑡) =  {
 𝑛𝑖(𝑡)                                      𝑖𝑓  𝐻0

ℎ𝑖(𝑡)𝑥(𝑡) + 𝑛𝑖(𝑡)               𝑖𝑓   𝐻1
    

           (7) 

Where, ni(t) is an Additive White Gaussian Noise (AWGN) 

with x(t) be the diffused signal, hi(t) is the channel gain between 

PU and SU and defined in Eq. (8) [24]: 

ℎ𝑖(𝑡) =
𝑔𝑦

√1 + 𝑑𝑏
α

 

       (8) 

In this context, the symbol gy signifies the gain associated with 

a Nakagami-m channel, while “α” corresponds to the factor 

representing path loss an outlined in [25]. Furthermore, “db” 

stands for the probability distribution of the distance variable 

“d” [26]. 

Table 1 illustrates the PDF of the channel, as presented in [4], 

considering various correlation schemes among the antenna 

branches.  
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TABLE 1 

CHANNEL PDF FOR DIFFERENT CORRELATIONS 

Uniform 

Correlation 
 
𝑾

𝒁
𝜸𝑳𝒎−𝟏𝒆−𝑿𝜸𝑭𝟏(𝒎, 𝑳𝒎; 𝒀𝜸) 

Exponential 

Correlation 
 

1

Г(𝑗)𝑘𝑗
𝛾𝑗−1𝑒

−𝛾
𝑘  

Arbitrary 

Correlation 

2𝛾𝐿𝑚−1

Г(𝐿)

𝑚𝐿𝑚

𝜍
(

1

𝜌
)

𝑚

𝐹1(𝑚, 𝑚; 𝐿𝑚;
𝑚𝛾2

𝜍
) 

where, 

𝑊 = (
𝑚

�̅�
)

𝐿𝑚

  

   

𝑋 =
𝑚

�̅�(1 − 𝜌)
  

 

𝑌 =
𝐿𝑚𝜌

�̅�(1 − 𝜌)(1 − 𝜌 + 𝐿𝜌)
 

 

𝑍 = (1 − 𝜌)𝑚(𝐿−1) (1 − 𝜌 + 𝐿𝜌)𝑚 Г(𝐿𝑚) 

 𝑗 =
𝑚𝐿2

𝛿
 

 

𝑘 =
𝛿�̅�

𝐿𝑚
 

 

𝛿 = 𝐿 +
2𝜌

 (1 − 𝜌)
(𝐿 −

1 − 𝜌𝐿

1 − 𝜌
) 

The symbol "m" signifies the Nakagami-m parameter, "𝜌" 

denotes the correlation coefficient, "𝜍" stands for the 

mathematical expectation, and "𝐹1 (. , . ; )" denotes the 

Lauricella hypergeometric function. This function captures the 

interrelation among various variables in terms of an infinite set 

of numbers. In this context, the hypergeometric function 

embodies complex dependencies on factors. 

Within a VANET, it becomes crucial to examine how both the 

channel characteristics and the mobility factors interact, 

especially given the dynamic movement of vehicles. The 

probability density function (PDF) describing mobility, 

accounting for the mentioned factors, is expressed by Equation 

(9) as presented in reference [26]. 

        𝑓𝑚𝑜𝑌(𝑦) =  
𝑑

4𝑙𝑤
[𝜋 + 2𝑎𝑟𝑐𝑠𝑖𝑛 (

2(𝑦2 −  (𝑤 − 𝑐)2)

𝑦2 ) − 1] 

(9) 

The effectiveness of detection is determined through the 

combined influence of multiplying the PDF of the channel for 

each correlation scheme with the PDF of mobility. The PDF that 

encompasses both aspects, denoted as “𝑃γ(γ)" is expressed in 

relation to the received SNR (“γ"), taking into account the 

fading impact of instantaneous SNR (𝛾 ̅). This relationship is 

outlined in Equation (10) [27]. 

 γ ≜  ∫ 𝛾 ̅ 𝑃γ(γ) 𝑑γ
∞

0

 

                   (10) 

Additionally, a Laplace transformation is applied to the variable 

"γ" to derive the MGF. This MGF is expressed according to 

Equation (11) as described in [4]. 

𝑀𝐺𝐹γ(𝑡) = ∫ 𝑃γ(γ) 𝑒𝑡γ 𝑑γ
∞

0

 

                          (11) 

To enhance performance optimization, the initial step involves 

calculating the first derivative of the MGF as outlined in 

Equation (12), employing the condition of minimizing: 

γ ≜
𝑑𝑀𝐺𝐹γ(𝑡)

𝑑𝑡
| 𝑡 = 0 

               (12) 

The optimized value of "γ" is integrated with the “Marcum-Q” 

function in order to calculate the average detection probability. 

The expression for the “Marcum-Q” function is provided by 

Equation (13) [27]. 

𝑄𝑢(√2𝛾, ʎ) = 1 − 𝑒
2𝛾+ ʎ

2  ∑ (
√ʎ

√2𝛾
)

𝑛∞

𝑛=𝑢

𝐼𝑛(√2ʎ𝛾) 

(13) 

To summarize, the process of obtaining the expression for 

average detection probability involves the following steps: 

1. Calculate the channel PDF corresponding to a specific 

correlation scheme, using the information provided in 

Table 1. 

2. Substituting the calculated channel and mobility PDFs 

into Equation 8 yields the joint PDF. 

3. Perform a Laplace transform on the joint PDF to derive 

the MGF of the received SNR. 

4. Combine the MGF of the received SNR with the 

Marcum-Q function (as shown in Equation 13) to 

compute the average detection probability. 

It's important to emphasize that the MGF will vary for each 

correlation scheme, and thus should be applied accordingly. 

The average Pd for each of these correlation schemes is 

presented in Table 2, as derived in [4]. 

 

TABLE 2 

AVERAGE Pd 

Uniform 

Correlation 
∫ 𝑸𝒖(√𝟐𝜸, √ʎ)

𝑨

𝑩
𝜸𝑳𝒎−𝒅𝒆−𝑪𝜸𝑭𝟏 (𝒎𝒅,

𝑳𝒂

𝒃
; 𝑪𝜸) 𝒅𝜸

∞

𝟎

 

Exponential 

Correlation 
∫ 𝑄𝑢(√2𝛾, √ʎ) 

1

𝑍
 Г(𝑑)𝑒−𝐸𝛾𝐹1(𝜌, 𝐿; 𝐶𝛾)𝑑𝛾

∞

0

 

Arbitrary 

Correlation ∫ 𝑄𝑢(√2𝛾, √ʎ)
(

𝑚
�̅�

)
𝑑(𝐿𝑚−1)

𝑒
(

−𝛾
�̅�(1−𝜌)

∗ 𝐹1 (𝑚, 𝐿𝑚;
𝐿𝑚 ∗ 𝜌𝑑

(1 − 𝜌 + 𝐿𝑑)
)

(1 − 𝜌)𝑑(𝐿−1) Г(𝐿𝑚)
𝑑𝛾

∞

0

 

where, 

𝐴 =
𝑑

�̅�𝑚
 

𝐵 =
𝑚

�̅�𝐿
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𝐶 =
𝜌(𝐿𝜌 + 𝜌2)

�̅� (1 − 𝜌 + 𝐿𝜌)
 

In conclusion, the closed-form expression for the average 

detection probability (𝑃𝑑̅̅̅̅ ) is derived through the utilization of 

the minimizing condition. The calculated value of 𝑃𝑑̅̅̅̅  is found 

to closely approximate the theoretical value, as reported in [4]. 

The 𝑃𝑑̅̅̅̅  for each of the correlation schemes is presented in 

Table 3 [4]. 

 

TABLE 3 

CLOSED FORM OF 𝑃𝑑̅̅̅̅  

Uniform 

Correlation 𝟏 −
𝑨Г(𝑳𝒎 + 𝝆)

𝑪Г(𝒎)
𝒆

−ʎ
𝟐 ∑ ∑ (

ʎ

𝟐
)

∞

𝒊=𝟎

∞

𝒏=𝒖

𝒏
Г(𝝆)𝒎𝒊

Г(𝒏 + 𝟏)(𝟏 + 𝑩)𝑳𝒎+𝒊𝒊!
𝑭𝟏 (𝝆; 𝒏

+ 𝟏;
ʎ

𝟐(𝟏 + 𝑩)
) 

Exponential 

Correlation 𝜍 [𝐺1 +
ƞ

2
∑ (

ʎ

2
)

𝑢−1

𝑛=1

𝑛

1

𝑛!
𝐹1 (𝐻; 𝑛 + 1;

ʎ𝑘

2(1 + 𝑘)
)] 

Arbitrary 

Correlation 
𝐹1 (𝑚, 𝐿𝑚; 𝐿𝑚2 ∗  𝜌 ;  

𝜌 х 𝑑
�̅� (1 − 2𝑚)(1 − 𝜌 + 𝐿𝑑)

)

2 (
�̅� х 𝑑

𝑚
)

𝐿

𝑚(1 − 𝜌)𝑚(𝐿−1)

х ∑ (
ʎ

2
)

∞

𝑛=𝑢

𝑛

𝐹1(𝑞, 𝑟, 𝑠, 𝑡) 

where, 

𝜍 =
1

2𝑗−1Г(𝑗)
𝑘𝑗  

 

Ƞ = Г(𝑗) (
2𝐷

1 + 𝑘
)

𝑗

𝑒
−ʎ
2  

𝐷 =
𝜌(𝐿𝜌 + 𝜌2)

�̅� (1 − 𝜌 + 𝐿𝜌)
  

𝐺1 =
2𝑗−1(𝑗 − 1)!

12𝑘

𝑘

(
𝑘

1 + 𝑘
) 𝑒

−ʎ
2(1+𝑘) [(1

+
1

𝑘
) (

1

1 + 𝑘
)

𝑗−1

𝐿𝑗−1 (
−ʎ

𝐿
�̅�

2(1 + 𝑘)
)

+ ∑ (
1

𝑘 + 1
)

𝑗−2

𝑛=0

𝑛

𝐿𝑛 (
−ʎ𝑘

2(𝑘 + 1)
)]  

, and Ln is Lagrangian’s polynomial of n degree [28]. 

It's important to highlight that the modified threshold (ʎs) 

suggested in [35] is adaptable to the NU, unlike the threshold ʎ 

employed in the above derived expressions from reference [4]. 

Consequently, this study focuses on the utilization of the 

adaptable threshold ʎs with the aim of improving detection 

performance. The following section validates the detection 

performance in the presence of this modified threshold. 

 

 

 

 

V. SIMULATION 

A. Simulation Environment 

This section provides an overview of the simulations conducted 

to explore and confirm the advantages of employing an adjusted 

threshold with the ED in VANETs. The assessment is performed 

under the influence of Nakagami-m fading channels. Alongside 

the fundamental network model detailed in Section 4, the other 

simulation parameters are enumerated in Table 4. 

TABLE 4  

SIMULATION PARAMETERS 

Sr no. Parameters Value 

1 α 0.9 and 1.9 

2 m 2 and 4 

3 w 30 m 

4 l 2 km 

5 a 400 m 

6 PU protection range 1 km 

B.  Simulation Methodology 

The initial series of simulations is conducted with the aim of 

contrasting the performance of ED when utilizing the modified 

threshold against the outcomes obtained with a fixed threshold. 

Throughout these simulations, we have taken into account an 

equal number of antenna branches for MRC diversity. The 

performance evaluation is undertaken for each of the correlation 

schemes, which encompass uniform, arbitrary, and exponential 

correlations. 

 
Figure 13 Comparision of ST and MT with Uniform Correlation Scheme 

The subsequent series of simulations is conducted to analyze 

how varying factors such as the number of antenna branches (L), 

the Nakagami-m parameter (m), SNR, and correlation 

coefficient affect the improvements achieved through the 

implementation of the exponential correlation scheme. 
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Figure 14 Comparision of ST and MT with Arbitrary Correlation Scheme 

 
Figure 15 Comparision of ST and MT with Exponential Correlation Scheme 

 
Figure 16 Comparision of all correlation schemes with MT 

Figure 13, 14, and 15 illustrate the comparison between the 

utilization of static and modified thresholds for MRC diversity, 

considering uniform, arbitrary, and exponential correlation 

schemes. The simulations are conducted using constant values of L 

= 4, m = 4, SNR = 20 dB, and a correlation coefficient of 0.8. As 

shown in Figures 13, 14, and 15, when using the proposed threshold, 

there is an additional relative improvement of approximately 

2.5х10-5 (99.98%) with the uniform correlation scheme, 4.20х10-9 

(99.61%) with the arbitrary correlation scheme, and 9.39х10-11 

(99.61%) with the exponential correlation scheme in the 

probability of missed detection (Pm). 

Figure 16 illustrates a performance comparison between the 

modified threshold and the correlation scheme, highlighting a 

reduced rate of missed detections when employing the modified 

threshold with exponential correlation. Figure 17 confirms that 

the use of the modified threshold results in superior detection 

performance (Pd = 1 – Pm) compared to what is observed with 

a static threshold. 

 
Figure 17 ROC for Exponential Correlation Scheme with ST and MT 

The impact of the number of L is showcased in Figure 18 when 

using the modified threshold in conjunction with the 

exponential correlation scheme, with Pf being varied. 

Throughout this analysis, we maintain L = 2 and L = 4, while 

setting m = 4, SNR = 20 dB, and a correlation coefficient of 0.8 

during the simulations. It's worth noting that having more than 

one antenna branch at the receiver enhances receiver diversity, 

leading to more accurate detection of the original transmitted 

signal. Consequently, augmenting the number of antenna 

branches can improve signal quality, although this improvement 

comes at the expense of increased complexity. The correlation 

matrix (R) for L equals to 4 is provided as indicated in [32]. It 

is evident that the enhancement in detection performance is 

notable when increasing the L. 

𝑅 = [

1                       0.4318               0.1340              0.8995
0.4318                 1                   0.6517              0.0421
0.1341             0.6517                   1                 0.5484
0.8995             0.0421              0.5484                       1

] 
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Figure 18 Effect of L on Exponential Correlation Scheme with Static and 

Modified Threshold 

The efficiency of detection can also be enhanced by opting for 

a lower value of m in conjunction with a higher value of L, and 

conversely. To gain a deeper understanding of the influence of 

the parameter m, we provide a simulation in Figure 19. This 

simulation is conducted with L = 4, correlation coefficient = 0.8, 

and SNR = 20 dB. 

 
Figure 19 Effect of Nakagami-m parameter on Exponential Correlation 

Scheme with ST and MT 

Figure 19 illustrates how the variation in the Nakagami-m 

parameter impacts the detection performance when utilizing the 

modified threshold. The detection effectiveness experiences a 

decrease when adopting lower values of the Nakagami-m 

parameter (m = 2). Conversely, a higher fading parameter (m = 

4) frequently results in dynamic fading, which aligns more 

closely with real-world scenarios. For values of m > 4, which 

lead to Rician fading [30], it indicates a greater requirement for 

line of sight components for effective communication. 

Furthermore, we examine the detection performance by 

introducing variations in SNR while maintaining a correlation 

coefficient of 0.8, as depicted in Figure 20. Additionally, we 

explore the impact of changes in the correlation coefficient with 

a fixed SNR of 20 dB, as shown in Figure 21. For these 

evaluations, we have set Pf to 0.1, along with L = 4 and m = 4 

as consistent simulation parameters. 

 
Figure 20 Effect of SNR on Exponential Correlation Scheme with ST and MT 

 
Figure 21 Effect of Correlation Coefficient on Exponential Correlation 

Scheme with ST and MT 

The general trend observed from both Figure 20 and Figure 21 

is that detection performance tends to improve with higher SNR 

values and lower correlation coefficients. Additionally, a 

noteworthy observation is that detection performance is notably 

influenced by correlation coefficients exceeding 0.7. 

 

VI. CONCLUSIONS 

We have demonstrated the effectiveness of the proposed 

Modified Threshold approach in a VANET environment. Our 

focus was on optimizing the Energy Detector's performance by 

considering MRC diversity in a Nakagami-m fading channel. 

It's important to note that our evaluation was limited to urban 

areas and doesn't apply to highway or two-lane road scenarios. 

Despite the improvements, the detection performance maintains 

its underlying behavior: the exponential correlation scheme 

consistently outperforms the uniform and arbitrary correlation 

schemes. 

The simulation results yielded several key observations: 

1. The MT-based approach offers higher achievable 

throughput with less sensing time as 

compared to the ADT-based Approach. 

2. Improved Detection Performance: At a Probability of 

False Alarm (Pf) of 0.1, the modified threshold 
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significantly improved detection performance for the 

uniform, arbitrary, and exponential correlation 

schemes. Specifically, in the context of vehicular 

communication, it resulted in approximately 99.98%, 

99.61%, and 99.61% performance gains, respectively, 

compared to the static threshold. 

3. Comparative Improvement: When combined with the 

exponential correlation scheme, the proposed 

modified threshold scheme exhibited substantial 

improvements. It achieved a remarkable 99.98% and 

97.76% enhancement over the uniform and arbitrary 

correlation schemes, respectively. 

4. Mitigation of High Correlation Impact: The potential 

negative impact of high correlation on detection 

performance was alleviated by increasing the number 

of antenna branches (L). As a result, the performance 

of the Energy Detector naturally decreased with higher 

L values. This led to the observation that the modified 

threshold showed more room for improvement with 

lower L values. For instance, with the exponential 

correlation scheme and Pf = 0.1, improvements of 

99.98% and 99.61% were observed for L = 2 and L = 

4, respectively, compared to the Static Threshold. 

5. Fading Parameter Impact: The performance of the 

modified threshold detector exhibited improvements 

across a range of fading parameters (m). Specifically, 

using the exponential correlation scheme and Pf = 0.1, 

improvements of 99.92% and 99.61% were observed 

for m = 2 and m = 4, respectively, compared to the 

Static Threshold. 

6. Signal-to-Noise Ratio and Correlation Coefficient 

Factors: Enhanced detection performance was 

achieved through higher signal-to-noise ratios and 

lower correlation coefficient factors. 

These findings collectively emphasize the effectiveness of the 

proposed Modified Threshold approach and its compatibility 

with the exponential correlation scheme for enhancing detection 

performance in vehicular communication within urban settings. 
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