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Abstract  

In this paper, the performance of Energy Detection (ED) over 𝜅 − 𝜇 shadowed 

fading channel is investigated using the Moment Generating Function (MGF) of the 

received Signal-to-Noise Ratio (SNR). The 𝜅 − 𝜇 shadowed is a generic composite 

fading channel of 𝜅 − 𝜇 fading and which represents the impact of multipath in line-of-

sight (LoS) communication scenario and Nakagami-𝑚 distribution. The study is then 

extended to include Maximal Ratio Combining (MRC), Square Law Combining (SLC), 

and Square Law Selection (SLS) diversity receivers. The simulation and numerical 

results for the Complementary Receiver Operating Characteristics (CROC) and average 

Area under the CROC (CAUC) curves are given for different scenarios and compared 

with some previous works. These results show an improvement in the overall detection 

capability of ED is noticed when the diversity receptions are employed. In contrast to 

previous works which are limited by the values of the fading parameters, the proposed 

approach is not restricted by any condition.   

Keywords: Energy Detection (ED), 𝜅 − 𝜇  shadowed, Diversity Reception, 

Complementary Receiver Operating Characteristics (CROC), Area under the CROC 

(CAUC). 

𝜿في قنوات الاخفات المغطاة أساس تحليل مكتشف الطاقة  دالة توليد العزم − 𝝁 تنويع  مع

 الاستقبال

 المستخلص 

𝜅الأداء لمكتشفففل الطاقة فوق قناة الاخفات المغطاة تم تحليل ، في هذا البحث − 𝜇  باسفففتخدام دالة توليد

𝜅ة. قناة المسفففتقبل(SNR) لنسفففبة الاشفففارة الى الضفففوضفففاء  (MGF)العزم  − 𝜇  المغطاة هي قناة اخفات عامة

𝜅مركبة من قناة الاخفات  − 𝜇  الذي يمثل تأثير الممرات المتعددة في سففففففيناريو الاتصففففففال في ممر خط الر ية

. لقد تم توسفففففيع الدراسفففففة لتشفففففمل مخططات تنويع الاسفففففتقبال كمركب النسفففففبة العالية Nakagami-𝑚توزيع و

(MRC)  ومركففب قففانون المربع(SLC)  وانتقففاء قففانون المربع(SLS) ،النتففائج العففدديففة والتقليففديففة المعطففاة .

سفففففتقبل  نحني م كمل خصفففففائص تشفففففغيل الم  نحني م كمل  ومخطط (CROC)تضَفففففمنت م  عَدل المسفففففاحة تحت م  م 
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سفففتقبل  لسفففيناريوهات مختلفة وتمت مقارنة ذلك مع بعض الاعمال السفففابقة. لقد  (CAUC)خصفففائص تشفففغيل الم 

لية الاكتشفففففاف لمكتشفففففل الطاقه عند اسفففففتعمال مخططات تنويع بينت تلك النتائج حصفففففول تحسفففففن في م جمل قاب

قيد باي  الاسففففففتقبال. على النقيض من الاعمال السففففففابقة التي تكون محددة بعوامل الاخفات، العمل المقترح غير م 

  شرط.

𝜅 ،إكتشففاف الطاقة الكلمات الرئيسةةة:          − 𝜇 سففتقبل  ،تنويع الاسففتقبال ،المغطاة م كمل خصففائص تشففغيل الم 

(CROC) ،عَدل المساحة تحت ال  CROC .(CAUC)م 

1. Introduction 

Spectrum sensing via Energy detection (ED) has been extensively used to detect 

an unknown signals in cognitive radio (CR) and ultra-wide band (UWB) systems. This 

is because it has lowest hardware complexity in comparison with other methods such 

as the matched filter and the feature detection. Moreover, ED does not require any prior 

information of the detecting signal and fading channel [1]. As ED is a non-coherent 

detection device, its principle work based on evaluating the energy of the received 

signal over a time window. Then, the results is compared with a predefined threshold 

value to decide whether the unknown signal is present or absent [2].  

 In the open technical literature, the performance of ED over different fading 

channels models has been widely studied using the probability distribution function 

(PDF) of the received instantaneous signal to noise ratio (SNR). In the first analysis of 

the performance of ED, the analytic expressions for the detection probability (𝑃𝑑) and 

false alarm probability (𝑃𝑓) over a flat band-limited Gaussian noise channel were 

derived [3]. Then, the 𝑃𝑑 and 𝑃𝑓 over Nakagami, Rayleigh and Rice fading channels 

were provided by depending on the results of [4]. After that, many studies for the 

behavior of ED over different channels and diversity receptions schemes such as 

maximal ratio combining (MRC), square law combining (SLC) and square law 

selection (SLS) have been investigated in [1, 2, 5] and the references therein. Since, in 

sometimes, the receiver operating characteristic (ROC) curve which is a plot of the 

average 𝑃𝑑 against the 𝑃𝑓 does not give clear insight to the behavior of the system, the 

average area under the ROC (AUC) curve is proposed as a single parameter to measure 

the total detection capability of the ED [6]. The main advantage of the AUC is to 

compare the detection performance of two schemes of ED at different SNR values. In 

some cases, the PDF gives complex non-closed form expressions with infinite series 

for the performance metrics, i.e., average 𝑃𝑑 and average AUC. Hence, the moment 

generating function (MGF) which is the Laplace transform of the received 
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instantaneous SNR has been proposed in [7, 8] as an alternative method to the PDF 

approach.  

Recently, many works have been done to analyze the performance of ED over 

𝜿 − 𝝁 fading channel that is suggested in [9] as a generalized fading distributions to 

model the line-of-sight (LOS) communications scenario with better matching to the 

practical measurements in comparison with Nakagami-𝒎 and Nakagami-𝒏 (Rice). For 

example, the analytic expressions of the average 𝑷𝒅 of ED in 𝜿 − 𝝁 fading channels 

with single receiver and independent and non-identically distributed (i.n.d.) SLS and 

SLC diversity receivers are derived in [2] using the PDF of the SNR. However, the 

results are expressed in multivariate hypergeometric functions that are not yet available 

in mathematical software packages such as MATLAB and MATHEMATICA. Both the 

average probability of detection and AUC for energy detector in non-identical  𝜿 − 𝝁 

fading channels with MRC, SLC, and SLS diversity schemes are investigated in [10, 

11] using the derivative of the MGF approach. But the complexity of the calculation 

becomes high when the number of diversity branches increases. The average AUC over 

𝜿 − 𝝁 fading channels for no diversity scenario is derived by employing the PDF of the 

received instantaneous SNR [12]. Thus, these expressions are provided in terms of 

hypergeometric functions such as Lauricella of multi-variable. In [13], different 

analytic expressions for the average AUC with SLC scheme in identical 𝜿 − 𝝁 fading 

channels are presented. 

The wireless signal is also affected by the shadowing that cannot be ignored. 

Hence, many efforts have been devoted to study the impact of the multipath fading and 

shadowing simultaneously [14-19]. For instance, in [17-19], the behavior of ED over 

𝜿 − 𝝁 shadowed fading which is suggested in [20] as a composite distribution from the 

𝜿 − 𝝁 fading and Nakagami-𝒎 distribution that represents the shadowing impact, is 

analyzed by using the PDF approach. However, the derived results in the 

aforementioned references are included an infinite series which requires for a 

convergence acceleration to find the number of terms that achieves a certain figure of 

accuracy. Moreover, some of these analysis are employed the approximation in order 

to obtain a closed-form expressions of the performance metrics. In addition, these 

efforts do not include all the diversity reception schemes that are studied in this paper. 

Motivated by there is no work has been achieved to study the behavior of ED 

over 𝜅 − 𝜇 shadowed fading using a MGF of the SNR, we fill this gap by providing the 
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analytic expressions for both the average probability of detection and AUC. The MGF 

approach is utilized in this paper because it does not provide complicated expressions 

with functions that are not yet implemented in MATLAB and MATHEMATICA 

software packages. The analysis is then extended to include the MRC, SLC, and SLS 

diversity reception techniques with independent and identically distributed (i.i.d.) 

branches. In contrast to previous works which are applicable for specific scenarios that 

are related to the values of the fading parameters such as Rician [1], Rician shadowed 

[15, 16] and 𝜅 − 𝜇 [10-12] fading channels, our proposed approach is not restricted by 

any condition. However, all the results that are obtained in the technical literature for 

the performance of the ED can be evaluated by the derived expressions of this work 

after substituting specific values of the fading parameters.   

2. Energy Detection Model 

At the receiver side, the received signal, 𝑟(𝑡), follows a binary hypothesis: ℍ0 

and ℍ1 which represent the signal is absent and present, respectively [5].  

𝑟(𝑡) = { 
𝑛(𝑡),                         ℍ0

ℎ𝑠(𝑡) + 𝑛(𝑡),         ℍ1
                                                        (1) 

where ℎ is the wireless channel gain, 𝑠(𝑡) is the transmitted signal and 𝑛(𝑡) is the noise 

signal at the receiver side. This noise which is additive white Gaussian noise (AWGN) 

is assumed to be a circularly symmetric complex Gaussian random variable with zero 

mean and one-side for the power spectral density, 𝑁0.  

As explained in [3-5], in the energy detector, the received signal is firstly filtered 

with an ideal band-pass filter with bandwidth W to limit the noise power as well as to 

normalize the noise variance. The signal is then squared and integrated over T time 

interval to evaluate the test statistic, 𝑆. This test statistic follows a central chi-square 

distribution with 2𝑢 (𝑢 is the integer time-bandwidth product) degrees of freedom under 

hypothesis ℍ0 or a non-central chi-square distribution with 2𝑢 degrees of freedom 

under hypothesis ℍ1. After that, the test statistic is compared with a predefined 

threshold value, λ. The 𝑃𝑓 and 𝑃𝑑 can be calculated by Pr(𝑆 > 𝜆|ℍ0) and  Pr(𝑆 > 𝜆|ℍ1), 

respectively, as follows [5]: 

 

                                                        (2) 

 

(3) 

𝑃𝑓 =
Γ (𝑢,

𝜆
2
)

Γ(𝑢)
 

and 

 

 

𝑃𝑑 = 𝒬𝑢(√2𝛾, √𝜆) 

 



 

94 

Thi_Qar University Journal for Engineering Sciences, Vol.8, No. 2 2017 

 

where 𝛾 = |ℎ|2𝐸𝑠/𝑁0 is the instantaneous SNR, 𝐸𝑠 is the transmitted signal energy, 

Γ(. ) is the gamma function, Γ(. , . ) is the upper incomplete gamma function and  

𝒬𝑢(. , . ) is the 𝑢th order generalized Marcum-𝒬 function. 

3. The 𝜿 − 𝝁 Shadowed Fading  

In the 𝜅 − 𝜇 shadowed fading, the Nakagami-𝑚 distribution is used instead of 

the lognormal distribution to represent the shadowing impact on the received signal 

because it leads to simple mathematical composite expressions. Thus, there are three 

parameters in 𝜅 − 𝜇 shadowed fading which are 𝜅, 𝜇, and 𝑚. The former represents the 

ratio between the total power of the dominant components and the total power of the 

scattered waves whereas 𝜇 and 𝑚 stand for the number of the multipath clusters and the 

shadowing severity index, respectively.  

The MGF of the received instantaneous SNR over 𝜅 − 𝜇 shadowed fading 

model is expressed as follows [20], 

 

(4) 

 

where  𝐷 =
𝜇𝜇𝑚𝑚(1+𝜅)𝜇

�̅�𝜇(𝜇𝜅+𝑚)𝑚
, 𝑐1 =

𝜇(1+𝜅)

�̅�
, 𝑐2 =

𝑚

𝜇𝜅+𝑚
𝑐1 and �̅� represents the average SNR. 

4. Energy Detection with Single Receiver 

4.1 Average Probability of Detection 

The 𝑃𝑑̅̅ ̅ can be calculated by using the MGF of the SNR as follows [1]  

 

(5) 

where ℛ is a circular contour of radius 𝑟 ∈ [0, 1). 

Substituting Eq.(4) in Eq.(5), the 𝑃𝑑̅̅ ̅ over 𝜅 − 𝜇 shadowed fading channel can 

be written as follows 

 

(6) 

 

where 𝑔1(𝑥) =
𝑒
𝜆
2
𝑥

𝑥𝑢−𝜇(1−𝑥)(𝑥−
1

1+𝑐1
)
𝜇−𝑚

(𝑥−
1

1+𝑐2
)
𝑚 . 

To evaluate the contour integral in Eq.(6), the Residue theorem in the complex 

ℳ𝛾(𝑠) =
𝐷

(𝑐1 + 𝑠)𝜇−𝑚(𝑐2 + 𝑠)𝑚
 

𝑃𝑑̅̅ ̅ =
𝐷𝑒− 

𝜆
2

𝑗2𝜋(1 + 𝑐1)𝜇−𝑚(1 + 𝑐2)𝑚
∮ 𝑔1(𝑥)
ℛ

𝑑𝑥 

𝑃𝑑̅̅ ̅ =
𝑒−

𝜆
2

𝑗2𝜋
∮ ℳ𝛾 (1 −

1

𝑥
)

𝑒
𝜆
2
𝑥

𝑥𝑢(1 − 𝑥)
𝑑𝑥

ℛ
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plane can be applied. The residue of general function 𝑔(𝑥) with 𝑎 poles at 𝑥 = 𝑥0 

(Res(𝑔; 𝑧0)) in radius 𝑟 ∈ [0, 1) is expressed by 

 

(7) 

 

The residue values can be exactly computed by MATLAB and MATHEMATICA 

software packages. 

If both 𝜇 and 𝑚 in Eq.(6) are integer numbers, i.e.,  𝜇 and 𝑚 ∈ ℤ+, the 𝑃𝑑̅̅ ̅ is 

given in four cases as in Eq.(8). In this equation, Φ0 = Res(𝑔1; 0), Φ1 =

Res (𝑔1;
1

1+𝑐1
) and Φ2 = Res (𝑔1;

1

1+𝑐2
) are the residue of the function 𝑔1(𝑧) at 𝑥 = 0, 

𝑥 =
1

1+𝑐1
 and 𝑥 =

1

1+𝑐2
, respectively. 

 

 

 

 

 

 

 

 

 

It is noted that, when 𝜅 → 0, 𝑚 → ∞, 𝜇 = 𝑚 and 𝜇 = 1 with some 

mathematical manipulations, Eq.(8) is reduced to Nakagami-𝑚 fading [1, Eqs.(16) and 

(17)] with 𝑚 is the severity fading index and Rayleigh fading [1, Eq.(18)], respectively. 

Furthermore, Eq.(8) is equivalent to [15, Eq. (17)] when 𝑚 → ∞ and 𝜅 = 𝐾 which 

represents the Rician shadowed fading and 𝐾 is the shaping parameter. In addition, 

Eq.(8) becomes identical to [1, Eq. (21)] when 𝑚 → ∞ and 𝜇 = 1 with 𝜅 = 𝐾, i.e., 

Rician fading. However, Eq.(8) is expressed in closed-form.  

  

Res(𝑔; 𝑥0) =
1

(𝑎 − 1)!
[
𝑑𝑎−1(𝑔(𝑥)(𝑥 − 𝑥0)

𝑎)

𝑑𝑥𝑎−1
]|
𝑥=𝑥0

 

𝑃𝑑̅̅ ̅ =

 
 
 
 
 
 

 
 
 
 
 
  

𝐷𝑒−
𝜆
2

(1 + 𝑐1)𝜇−𝑚(1 + 𝑐2)𝑚
[Φ0 +Φ1 +Φ2]              𝑢 > 𝜇, 𝜇 > 𝑚 

  
𝐷𝑒−

𝜆
2

(1 + 𝑐1)𝜇−𝑚(1 + 𝑐2)𝑚
[Φ0 +Φ2]:                      𝑢 > 𝜇, 𝜇 ≤ 𝑚

  
𝐷𝑒−

𝜆
2

(1 + 𝑐1)𝜇−𝑚(1 + 𝑐2)𝑚
[Φ1 +Φ2]                        𝑢 ≤ 𝜇, 𝜇 > 𝑚

  
𝐷𝑒−

𝜆
2

(1 + 𝑐1)𝜇−𝑚(1 + 𝑐2)𝑚
Φ2:                                      𝑢 ≤ 𝜇, 𝜇 ≤ 𝑚

 

 

 

 

 

(8) 
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4.2  Average Area under the ROC (AUC) 

The �̅� can be expressed by the MGF as follows [8] 

 

(9) 

 

Plugging Eq.(4) into Eq.(9), the �̅� over 𝜅 − 𝜇 shadowed fading channel can be 

written as 

 

(10) 

 

where 𝑔2(𝑥) =
𝑒
− 
𝜆
2
𝑥

(2−𝑥)𝑢
𝑔1(𝑥). 

The residue theorem is used again to calculate the contour integral in Eq.(10). 

Accordingly, four different cases for the �̅� over 𝜅 − 𝜇 shadowed channel are obtained 

as in Eq.(11). In equation, Ψ0 = Res(𝑔2; 0), Ψ1 = Res (𝑔2;
1

1+𝑐1
) and Ψ2 =

Res (𝑔2;
1

1+𝑐2
) are the residue of the function 𝑔2(𝑥) at 𝑥 = 0, 𝑥 =

1

1+𝑐1
 and 𝑥 =

1

1+𝑐2
, 

respectively. 

 

 

 

 

 

 

 

 

It is observed that, when 𝜅 → 0 and 𝑚 → ∞ with some mathematical 

operations, Eq.(11) gives [8, Eq.(5)] with 𝜇 = 𝑚, i.e., Nakagami-𝑚 fading. 

5. Energy Detection with Diversity Receivers 

  

�̅� =
𝐷

𝑗2𝜋(1 + 𝑐1)𝜇−𝑚(1 + 𝑐2)𝑚
∮ 𝑔2(𝑥)𝑑𝑥
ℛ

 

�̅� =
1

𝑗2𝜋
∮

ℳ𝛾 (1 −
1
𝑥)

𝑥𝑢(2 − 𝑥)𝑢(1 − 𝑥)
𝑑𝑥

ℛ

 

�̅� =

 
 
 
 
 

 
 
 
   

𝐷

(1 + 𝑐1)𝜇−𝑚(1 + 𝑐2)𝑚
[Ψ0 +Ψ1 +Ψ2]:              𝑢 > 𝜇, 𝜇 > 𝑚                                   

  
𝐷

(1 + 𝑐1)𝜇−𝑚(1 + 𝑐2)𝑚
[Ψ0 +Ψ2]:                        𝑢 > 𝜇, 𝜇 ≤ 𝑚                                

 
𝐷

(1 + 𝑐1)
𝜇−𝑚(1 + 𝑐2)

𝑚 [Ψ1 +Ψ2]:                        𝑢 ≤ 𝜇, 𝜇 > 𝑚                              
   

 
𝐷

(1 + 𝑐1)𝜇−𝑚(1 + 𝑐2)𝑚
 Ψ2:                                     𝑢 ≤ 𝜇, 𝜇 ≤ 𝑚                                 

 

 

 

 

 

 

 

(11) 
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5.1 Maximal Ratio Combining (MRC) 

In MRC reception, each diversity branch is weighted via multiplying it by 

factor. This factor is relative to the complex fading coefficient of the branch. If we 

assume the number of the MRC branches is 𝑀, the instantaneous SNR at the output of 

MRC combiner can be written as follows [1] 

 

 

  (12) 

 

 

where 𝛾𝑖 is the instantaneous SNR of ith branch.  

The MGF of the received SNR of 𝛾𝑀𝑅𝐶 ,ℳ𝛾𝑀𝑅𝐶(𝑠), over the MRC is given by [7] 

 

(13) 

 

When all the diversity branches are i.i.d, 𝛾1 = 𝛾2… = 𝛾𝐿. Therefore, 𝛾𝑀𝑅𝐶 =

𝑀𝛾 and hence, ℳ𝛾𝑀𝑅𝐶(𝑠) for i.i.d 𝜅 − 𝜇 shadowed fading channels is expressed by 

 

      (14) 

 

The corresponding 𝑃𝑓
𝑀𝑅𝐶  and 𝑃𝑑

𝑀𝑅𝐶  over AWGN channel with MRC scheme 

are given by [5] 
 

 

and                                                                           (15) 

 

Comparing Eqs.(14) and (15) with Eqs.(4) and (3), one can see that the 𝑃𝑑̅̅ ̅ and 

the �̅� over 𝜅 − 𝜇 shadowed fading channels for MRC can be easily calculated by 

Eqs.(8) and (11), respectively after replacing 𝐷, 𝜇 and 𝑚 by 𝐷𝑀, 𝑀𝜇 and 𝑀𝑚, 

respectively.  

                                           

  

𝛾𝑀𝑅𝐶 =∑𝛾𝑖

𝑀

𝑖=1

 

ℳ𝛾𝑀𝑅𝐶(𝑠) = [ℳ𝛾(𝑠)]
𝑀
=

𝐷𝑀

(𝑐1 + 𝑠)𝐿(𝜇−𝑚)(𝑐2 + 𝑠)𝐿𝑚
 

ℳ𝛾𝑀𝑅𝐶(𝑠) =∏ℳ𝛾𝑖
(𝑠)

𝑀

𝑖=1

 

 

𝑃𝑓
𝑀𝑅𝐶 =

Γ(𝑢,
𝜆
2)

Γ(𝑢)
 

 

 

 

𝑃𝑑
𝑀𝑅𝐶 = 𝒬𝑢(√2𝛾𝑀𝑅𝐶 , √𝜆) 
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5.2 Square Law Combining (SLC) 

In this diversity reception technique, before the combining, the signal in each 

branch is squared and integrated. Thus, the instantaneous SNR at the output the 

combiner is evaluated by [5] 

 

(16) 

 

The MGF of 𝛾𝑆𝐿𝐶 ,ℳ𝛾𝑆𝐿𝐶(𝑠), can be expressed by 

(17) 

 

Similar to the MRC diversity reception, when all the diversity branches are i.i.d, 

the ℳ𝛾𝑆𝐿𝐶(𝑠) can be expressed by Eq.(13). 

The corresponding 𝑃𝑓
𝑆𝐿𝐶 and 𝑃𝑑

𝑆𝐿𝐶 over AWGN channel with SLC scheme are given by [5] 

 

and                                                                           (18) 

 

Comparing Eqs.(17) and (18) with Eqs.(13) and (15), one can observe that the 

difference between the MRC and SLC schemes is the time-bandwidth product which is 

𝑢 in MRC and 𝑀𝑢 in SLC. Consequently, the 𝑃𝑑̅̅ ̅ and the �̅� over 𝜅 − 𝜇 shadowed fading 

channels with SLC can be computed by replacing 𝑢, 𝐷, 𝜇 and 𝑚 by 𝑀𝑢 𝐷𝑀, 𝑀𝜇 and 

𝑀𝑚, respectively in Eqs.(8) and (11), respectively. 

   

5.3 Square Law Selection (SLS) 

The principle work of SLS is based on selecting the branch of highest energy among 

all branches. The 𝑃𝑓
𝑆𝐿𝑆 and 𝑃𝑑

𝑆𝐿𝑆 over AWGN with SLS reception are expressed by [5] 

 

and                                                                               (19) 

 

 

The average probability of detection over i.i.d. 𝜅 − 𝜇 shadowed fading channels 

with SLS receivers, 𝑃𝑑̅̅ ̅
𝑆𝐿𝑆

, can be evaluated by inserting Eq.(5) into 𝑃𝑑
𝑆𝐿𝑆 of Eq.(19). 

Thus, this yields 

𝛾𝑆𝐿𝐶 =∑𝛾𝑖

𝑀

𝑖=1

 

ℳ𝛾𝑆𝐿𝐶(𝑠) =∏ℳ𝛾𝑖
(𝑠)

𝑀

𝑖=1

 

 

𝑃𝑓
𝑆𝐿𝐶 =

Γ(𝑀𝑢,
𝜆
2)

Γ(𝑀𝑢)
 

 

 

 

𝑃𝑑
𝑆𝐿𝐶 = 𝒬𝑀𝑢(√2𝛾𝑆𝐿𝐶 , √𝜆) 

 

𝑃𝑓
𝑆𝐿𝑆 = 1 − [1 −

Γ (𝑢,
𝜆
2)

Γ(𝑢)
]

𝑀

 

 

 

 

𝑃𝑑
𝑆𝐿𝑆 = 1 −∏ [1 − 𝒬𝑢(√2𝛾, √𝜆)]

𝑀

𝑖=1
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(20) 

 

6. Simulation and Numerical Results 

In this section, the simulation results are compared with the numerical results 

using MATLAB software package as well as with some previous works in order to 

verify the validation of the derived expressions. The simulation results are calculated 

by Monte-Carlo simulation via generating 106 random variables for both 𝜅 − 𝜇 and 

Nakagami-𝑚  fading distributions. These variables are then combined to obtain the 

effect of the 𝜅 − 𝜇 shadowed fading channel. On the other hand, the numerical results 

are evaluated by the derived Eqs. (8) and (11) and other substitutions for the diversity 

receptions schemes. In all provided figures, the lines represent the numerical results, 

while the marks on the curves show the simulation.  

 Fig. (1) illustrates the complementary ROC (CROC) curve (𝑃𝑚𝑑̅̅ ̅̅ ̅ = 1 − 𝑃𝑑̅̅ ̅ 

versus 𝑃𝑓) of ED in 𝜅 − 𝜇 shadowed fading for �̅� = 7 dB, 𝜅 = 5, 𝑢 = 1 and different 

values for 𝜇 and 𝑚. In this figure, it is noted that when 𝜇 or 𝑚 increases, the detection 

diversity becomes better and this leads to improve the detection capability of the ED. 

In other words, the increasing in 𝜇 and 𝑚 result to large number of the multipath clusters 

and less shadowing impact, respectively, at the receiver side. For example, at 𝑃𝑓 = 0.1 

and 𝑚 = 1 (fixed), the 𝑃𝑚𝑑̅̅ ̅̅ ̅ for 𝜇 = 3 is approximately  11.65% less than the 

corresponding value for 𝜇 = 1. Moreover, when 𝑃𝑓 = 0.1 and 𝜇 = 1 (fixed), the 𝑃𝑚𝑑̅̅ ̅̅ ̅ 

for 𝑚 = 3 is roughly 21.31% lower than the 𝑃𝑚𝑑̅̅ ̅̅ ̅ for 𝑚 = 1. In this figure, the results 

of this work for specific scenarios are consistent with their counterparts, namely, Rician 

[1], Rician shadowed [15, 16], and 𝜅 − 𝜇 [10] fading conditions that can be obtained 

by utilizing 𝜇 = 1, and 𝑚 → ∞, 𝜇 = 1, and 𝑚 → ∞, respectively. However, the derived 

expressions in this paper can be employed for any values of fading parameters that are 

restricted in [1, 10, 15, and 16].  

The results of Fig. (1) are confirmed in Fig. (2) that shows the complementary 

AUC (CAUC) curves (1 − �̅�) against the average SNR over 𝜅 − 𝜇 shadowed fading. 

But, the differences between the compared scenarios are clearer than that are provided 

in Fig.(1). This proves the advantage of employing the AUC curve in the performance 

analysis of ED. For instance, for the case �̅� = 10 dB and 𝑚 = 1 (fixed), the CAUC for 

𝑃𝑑̅̅ ̅
𝑆𝐿𝑆

= 1 − [1 −
𝐷𝑒− 

𝜆
2

𝑗2𝜋(1 + 𝑐1)𝜇−𝑚(1 + 𝑐2)𝑚
∮ 𝑔1(𝑥)
ℛ

𝑑𝑥]

𝑀
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𝜇 = 3  is nearly 32.49% less than for 𝜇 = 1. Likewise, when 𝜇 = 1 (fixed), the CAUC 

for 𝑚 = 3 is about 39.72% lower than for the case of 𝑚 = 1. The results for the special 

scenarios of 𝜅 − 𝜇 shadowed fading that have been done previously are provided in 

Fig. (2) and the reader can notice their matching with our analysis.  

Figs. (3) and (4) explain the curves of the CROC and CAUC versus average 

SNR, respectively, of ED single receiver, MRC, SLC, and SLS with 𝑀 = 2 and 𝑀 = 4 

branches over i.i.d. 𝜅 − 𝜇 shadowed fading channels and �̅� = 5 dB (for Fig.(3)), 𝜅 =

3, 𝜇 = 2, 𝑚 = 4, and 𝑢 = 1. In addition, the behavior of ED under Rician, Rician 

shadowed, and 𝜅 − 𝜇 is also demonstrated in these figures. As expected, the overall 

detection capability of ED with diversity reception is better than the case of single 

receiver. This is because the increasing in either the average SNR as in the MRC scheme 

or the computed energy at the output of the combiner as in the SLC and SLS receivers. 

Moreover, ED with the MRC diversity reception outperforms ED with the SLC and 

SLS schemes. This refers to the high average SNR in the MRC scheme in comparison 

with the SLC and SLS receivers in which the energy are evaluated at each branch before 

the combining operation. Furthermore, the performance of ED with SLC is better than 

that includes SLS scheme. The reason is as follows, in the SLS receivers, the branch 

with highest energy is chosen as the total test statistic while in the SLC, all the diversity 

branches are participated in computation of the test statistic. To obtain a good insight 

about the behavior of ED with diversity receptions, some numerical examples are 

provided as follows. For instance, in Fig. (3), the values of 𝑃𝑚𝑑̅̅ ̅̅ ̅ at 𝑃𝑓 = 0.01 (fixed) for 

single receiver, SLS, SLC, and MRC diversity schemes with 𝑀 = 2 are approximately 

0.6419, 0.5006, 0.4161, and 0.3156, respectively. One can see from Fig. (3) and Fig. 

(4) that the performance of ED with MRC in 𝜅 − 𝜇 fading is better than the 𝜅 − 𝜇 

shadowed, Rician and Rician shadowed conditions. This is because in 𝜅 − 𝜇 fading, 

𝜇 = 2 and 𝑚 → ∞ whereas in 𝜅 − 𝜇 shadowed, Rician and Rician shadowed, 𝜇 = 2 

and 𝑚 = 4, 𝜇 = 1 and 𝑚 → ∞, and 𝜇 = 1 and 𝑚 = 4, respectively. 

 Figs. (5) and (6) demonstrate the behavior of ED versus the time-bandwidth 

product, 𝑢, with 𝑀 = 1, MRC, SLC, and SLS with 𝑀 = 2 and 𝑀 = 3 branches with 

𝑃𝑓 = 0.1 (for Fig.(5)), �̅� = 3 dB, 𝜅 = 1, 𝜇 = 4, and 𝑚 = 2. As it is shown in both 

figures, when 𝑢 increases, a substantial degradation in both the 𝑃𝑑̅̅ ̅ and the �̅� is observed. 

This is because both the 𝑃𝑑̅̅ ̅ and the 𝑃𝑓 decrease when 𝑢 increases. But, the 𝑃𝑑̅̅ ̅ decreases 

slower than the 𝑃𝑓, thus causing a reduction in the performance of the ED. The plot of 
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the 𝑃𝑑̅̅ ̅ and the �̅� against 𝑢 is not given in the technical literature. Thus, there is no 

comparison has been provided in Figs. (5) and (6) with previous works. 

 

Fig. (1): CROC curves of ED in 𝜿 − 𝝁 shadowed fading channels for �̅� = 𝟕 dB, 

𝜿 = 𝟓, 𝒖 = 𝟏 and different values for 𝝁 and 𝒎. 

 

Fig. (2): CAUC of ED against the average SNR, �̅�, in 𝜿 − 𝝁 shadowed fading 

channels for 𝜿 = 𝟓, 𝒖 = 𝟏 and different values for 𝝁 and 𝒎. 
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Fig. (3): CROC curves of ED for single receiver, MRC, SLC, and SLS with M = 2 

and M = 4 in i.i.d. 𝜿 − 𝝁 shadowed fading channels and �̅� = 𝟓 dB, 𝜿 = 𝟑, 𝝁 = 𝟐, 

𝒎 = 𝟒, and 𝒖 = 𝟏. 

 

Fig. (4): CAUC curves of ED versus the average SNR, �̅�, for single receiver, 

MRC, and SLC with M = 2 and M = 4 in i.i.d. 𝜿 − 𝝁 shadowed fading channels 

and 𝜿 = 𝟑, 𝝁 = 𝟐, 𝒎 = 𝟒, and 𝒖 = 𝟏. 
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Fig. (5): Average probability of detection, 𝑷𝒅̅̅ ̅̅ , of ED versus 𝒖 for single receiver, 

MRC, SLC, and SLS with M = 2 and M = 3 in i.i.d. 𝜿 − 𝝁 shadowed fading 

channels and 𝑷𝒇 = 𝟎. 𝟏, �̅� = 𝟑 dB, 𝜿 = 𝟏, 𝝁 = 𝟒, and 𝒎 = 𝟐. 

 

Fig. (6): Average AUC, �̅�, of ED versus 𝒖 for single receiver, MRC, and SLC 

with M = 2 and M = 3 in i.i.d. 𝜿 − 𝝁 shadowed fading channels and �̅� = 𝟑 dB, 

𝜿 = 𝟏, 𝝁 = 𝟒, and 𝒎 = 𝟐. 
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6. Conclusions 

In this paper, we have extensively analyzed the performance of ED over 𝜅 − 𝜇 

shadowed fading channels with no diversity, MRC, SLC and SLS receivers. Both the 

average 𝑃𝑑 and the average AUC were derived in simple exact analytic expressions 

using the MGF approach. The residue theorem was used to compute the contour integral 

for the average 𝑃𝑑 and the average AUC. From the results, we noted that the detection 

capability improves when 𝜇 or/and 𝑚 increase. The parameter 𝜇 has higher impact on 

the detectability of ED in comparison with 𝑚. Moreover, the ED with MRC has better 

performance than SLC and SLS. These results can be employed to obtain on good 

insight about the behavior of ED over different composite fading channels such as 

Rician shadowed fading with better fitting to the practical measurements than the 

conventional counterparts. 
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