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RÉSUMÉ 

Le but des systèmes de communication intervéhicule (Inter-Vehicle Communication – IVC) est 

d'améliorer la sécurité de conduite en utilisant des capteurs et des techniques de communication 

sans fil pour être en mesure de communiquer mutuellement sans aucune intervention extérieure. 

Avec l'utilisation de ces systèmes, les communications véhicule à véhicule (V2V) peuvent être plus 

efficaces dans la prévention des accidents et la décongestion de la circulation que si chaque 

véhicule travaillait individuellement. 

Une des solutions proposées pour les systèmes IVC est l’utilisation des systèmes de communication 

coopérative, qui en principe, augmentent l'efficacité spectrale et énergétique, la couverture du 

réseau, et réduit la probabilité de défaillance. La diversité d'antenne (entrées multiples sorties 

multiples « Multiple-Input Multiple-Output » ou MIMO) peut également être une alternative pour 

les systèmes IVC pour améliorer la capacité du canal et la diversité (fiabilité), mais en échange 

d’une complexité accrue. 

Toutefois, l'application de telles solutions est difficile, car les communications sans fil entre les 

véhicules sont soumises à d’importants effets d'évanouissements des canaux appelés (canaux sujets 

aux évanouissements de n*Rayleigh, « n*Rayleigh fading channels»), ce qui conduit à la 

dégradation des performances. Par conséquent, dans cette thèse, nous proposons une analyse de la 

performance globale des systèmes de transmission coopératifs et MIMO sur des canaux sujets aux 

évanouissements de n*Rayleigh. Cette analyse permettra d’aider les chercheurs pour la conception 

et la mise en œuvre de systèmes de communication V2V avec une complexité moindre. 

En particulier, nous étudions d'abord la performance de la sélection du relais de coopération avec 

les systèmes IVC, on suppose que la transmission via « Amplify-and-Forward» (AF) ou bien 

«Decode-and-Forward» (DF)  est assurée par N relais pour transférer le message de la source à la 

destination. La performance du système est analysée en termes de probabilité de défaillance, la 

probabilité d'erreur de symbole, et la capacité moyenne du canal. Les résultats numériques 

démontrent que la sélection de relais réalise une diversité de l'ordre de (𝑑 ≈ 𝑚𝑁/𝑛) pour les deux 

types de relais, où m est un paramètre évanouissement de Rayleigh en cascade. 

Nous étudions ensuite la performance des systèmes IVC à sauts multiples avec et sans relais 

régénératifs. Dans cette étude, nous dérivons des expressions approximatives pour la probabilité 
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de défaillance et le niveau d’évanouissement lorsque la diversité en réception basée sur le ratio 

maximum de combinaison (MRC) est employée. En outre, nous analysons la répartition de 

puissance pour le système sous-jacent afin de minimiser la probabilité globale de défaillance. Nous 

montrons que la performance des systèmes régénératifs est meilleure que celle des systèmes non 

régénératifs lorsque l’ordre de cascade n est faible, tandis qu’ils ont des performances similaires 

lorsque n est élevé. 

Ensuite, nous considérons le problème de la détection de puissance des signaux inconnus aux n* 

canaux de Rayleigh. Dans ce travail, de nouvelles expressions approximatives sont dérivées de la 

probabilité de détection moyenne avec et sans diversité en réception MRC. En outre, la 

performance du système est analysée lorsque la détection de spectre coopérative (CSS) est 

considérée sous diverses contraintes de canaux (par exemple, les canaux de communication parfaits 

et imparfaits). Les résultats numériques ont montré que la fiabilité de détection diminue à mesure 

que l'ordre n augmente et s’améliore sensiblement lorsque CSS emploie le schéma MRC.  

Il est démontré que CSS avec le schéma MRC maintient la probabilité de fausse alarme minimale 

dans les canaux d’information imparfaite plutôt que d'augmenter le nombre d'utilisateurs en 

coopération. Enfin, nous présentons une nouvelle approche pour l'analyse des performances des 

systèmes IVC sur n*canaux de Rayleigh, en utilisant 𝑛𝑇 antennes d'émission et 𝑛𝑅 antennes de 

réception pour lutter contre l'effet d’évanouissement. Dans ce contexte, nous évaluons la 

performance des systèmes MIMO-V2V basés sur la sélection des antennes d'émission avec un ratio 

maximum de combinaison (TAS/MRC) et la sélection combinant (TAS/SC). 

Dans cette étude, nous dérivons des expressions analytiques plus précises pour la probabilité de 

défaillance, la probabilité d'erreur de symbole, et  l’évanouissement sur n*canaux Rayleigh. Il est 

montré que les deux régimes ont le même ordre de diversité maximale équivalent à (𝑑 ≈

𝒎𝑛𝑇 𝑛𝑅  /𝑛) . En outre, TAS / MRC offre un gain de performance mieux que TAS/ SC lorsque le 

nombre d'antennes de réception est plus que celle des antennes d’émission, mais l’amélioration de 

la performance est limitée lorsque n augmente. 
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ABSTRACT 

The purpose of intervehicular communication (IVC) systems is to enhance driving safety, in which 

vehicles use sensors and wireless communication techniques to talk to each other without any 

roadside intervention. Using these systems, vehicle-to-vehicle (V2V) communications can be more 

effective in avoiding accidents and traffic congestion than if each vehicle works individually.  

   A potential solution can be implemented in this research area using cooperative communications 

systems which, in principle, increase spectral and power efficiency, network coverage, and reduce 

the outage probability. Antenna diversity (i.e., multiple-input multiple output (MIMO) systems) 

can also be an alternative solution for IVC systems to enhance channel capacity and diversity 

(reliability) but in exchange of an increased complexity. However, applying such solutions is 

challenging since wireless communications among vehicles is subject to harsh fading channels 

called ‘n*Rayleigh fading channels’, which leads to performance degradation. Therefore, in this 

thesis we provide a comprehensive performance analysis of cooperative transmission and MIMO 

systems over n*Rayleigh fading channels that help researchers for the design and implementation 

of V2V communication systems with lower complexity.  

    Specifically, we first investigate the performance of cooperative IVC systems with relay 

selection over n*Rayleigh fading channels, assuming that both the decode-and-forward and the 

amplify-and-forward relaying protocols are achieved by N relays to transfer the source message to 

the destination. System performance is analyzed in terms of outage probability, symbol error 

probability, and average channel capacity. The numerical results have shown that the best relay 

selection approach achieves the diversity order of (𝑑 ≈ 𝑚𝑁/𝑛) where 𝑚 is a cascaded Rayleigh 

fading parameter.  

    Second, we investigate the performance of multihop-IVC systems with regenerative and non-

regenerative relays. In this study, we derive approximate closed-form expressions for the outage 

probability and amount of fading when the maximum ratio combining (MRC) diversity reception 

is employed. Further, we analyze the power allocation for the underlying scheme in order to 

minimize the overall outage probability. We show that the performance of regenerative systems is 

better than that of non-regenerative systems when the cascading order n is low and they have 

similar performance when n is high.  
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Third, we consider the problem of energy detection of unknown signals over n*Rayleigh fading 

channels. In this work, novel approximate expressions are derived for the average probability of 

detection with and without MRC diversity reception. Moreover, the system performance is 

analyzed when cooperative spectrum sensing (CSS) is considered under various channel 

constraints (e.g, perfect and imperfect reporting channels). The numerical results show that the 

detection reliability decreases as the cascading order n increases and substantially improves when 

CSS employs MRC schemes.  It is demonstrated that CSS with MRC scheme keeps the probability 

of false alarm minimal under imperfect reporting channels rather than increasing the number of 

cooperative users.  

   Finally, we present a new approach for the performance analysis of IVC systems over n*Rayleigh 

fading channels, using 𝑛𝑇 transmit and 𝑛𝑅 receive antennas to combat fading influence. In this 

context, we evaluate the performance of MIMO-V2V systems based on the transmit antenna 

selection with maximum ratio combining (TAS/MRC) and selection combining (TAS/SC) 

schemes. In this study, we derive tight analytical expressions for the outage probability, the symbol 

error probability, and the amount of fading over n*Rayleigh fading channels. It is shown that both 

schemes have the same maximum diversity order equivalent to (𝑑 ≈ 𝑚𝑛𝑇  𝑛𝑅 /𝑛). In addition, 

TAS/MRC offers a better performance gain than TAS/SC scheme when the number of receive 

antennas is more than that of transmit antennas, but the performance improvement is limited as n 

increases.  
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CHAPTER 1 INTRODUCTION 

Inter-vehicular communications systems (IVCs) have recently attracted much attention in the 

intelligent transportation system (ITS). These systems are intended to improve safety and traffic 

congestion by combining information communications technology with road transportation. In 

general, due to the high mobility of vehicles and non-uniform distribution of vehicles which 

produce frequent route interruptions [1], the risk of traffic congestion and accidents require the 

development of a new transportation network technology. This technology is emerging to 

incorporate the capabilities of wireless communication systems into the vehicles. The idea is to 

create wireless connections among vehicles, while they are connected to other networks at home 

or at a workplace. Thus cooperative diversity is considered as a promising solution [2] applied at 

the physical-layer to simplify routing problems in vehicular ad hoc networks and provide high data 

rate coverage. The main idea of this technique is to forward a source message to a desired 

destination through intermediate nodes in case of no direct transmission between the source and 

the destination. 

     In the past decade, “cooperative communications” has spurred great interest within the research 

community, see e.g., [2]-[3]. The basic idea is that, by properly coordinating spatially distributed 

nodes, virtual multiple-input multiple-output (MIMO) links can be created for reliable end-to-end 

performance. Cooperative communications can, in principle, increase spectral and power 

efficiency, network coverage, and reduce the outage probability. The applications of cooperative 

communications include wireless sensor networks (WSN) and IVC networks. To understand the 

full potential of cooperative diversity in the context of inter-vehicular communications systems, a 

n*Rayleigh distribution (also called cascaded-Rayleigh distribution) has been proposed as a 

realistic propagation model for mobile-to-mobile (M2M) communications that provides two or 

more independent Rayleigh fading processes around the transmitter and the receiver, which leads 

to deteriorate the connection quality between two vehicles [11]. For this reason, it is very 

interesting to study cooperative diversity mechanism over such severe fading channels. Future 

developments are expected in this field using MIMO systems at transmit and receive sides, which 

is also considered as a promising candidate for vehicle-to-vehicle (V2V) communications to 

enhance channel capacity and diversity (reliability) [4,5], since multiple antenna elements can 
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easily be placed on the large vehicle surface [6]. In addition, the need for efficient utilization of 

spectrum will, of course, become a fundamental requirement for IVC networks, which is mainly 

due to spectrum scarcity and the ever-increasing demand for higher data rate applications and 

internet services. Therefore, using cognitive radio (CR) technology in IVC networks, CR users can 

monitor the available spectrum bands, capture their information, detect spectrum holes, and then 

allocate unused portions of the spectrum [7].  

1.1 Basic Concepts and Definitions   

 Cooperative Diversity 

In wireless communication systems, diversity refers the overall reliability of the link that can be 

significantly improved by providing more than one signal path between the source and the 

destination, each of which exhibits a fading process as much independent from the others as 

possible [3].    

   Diversity plays a central role in combating fading and co-channel interference. The term 

cooperative diversity indicates a collection of distributed antennas belonging to multiple terminals, 

each with its own information to transmit [8], in which cooperative communications refer to 

systems or techniques that allow users to help transmit each other’s messages to the destination. 

Most cooperative transmission schemes involve two phases of transmission: a coordination phase, 

where users exchange their own source data and control messages with each other and/or the 

destination, and a cooperation phase, where the users cooperatively retransmit their messages to 

the destination [2]. There are two main relaying schemes utilized by cooperative diversity 

technology: Decode-and-Forward (DF) and Amplify-and-Forward (AF). In the former, the relay 

receives the source message and decodes it with signal noise elimination before re-encoding and 

retransmitting the source message to its destination, while in the latter, the relay amplifies the 

analog signal received by the source and forwards it to the destination node [9]. In multi-relay 

cooperative systems, AF and DF relays can be viewed as distributed transmit beamforming when 

full instantaneous channel state information (CSI), including the magnitude and phase of all 

channel coefficients is available at relays, in which the forwarded signals can be aligned in phase 

to maximize the receive signal to noise ratio (SNR) at the destination [8]. Even though, CSI can be 

obtained through feedback, it is still difficult in practice to track the changes in phase and co-phase 

the relays signal towards the destination. Therefore, multi-node relaying selection technique has 
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been proposed in the recent literature to overcome this problem [76], in which the best relay is 

selected among a set of available relay nodes that has the best link quality with the destination to 

forward the source message [see Fig.1-1]. Such a technique can provide full diversity order without 

the excessive demand on bandwidth.  

 

 

 

 

 

                                                           

                                  Fig.1-1. Cooperative communication system with relay selection.  

In wireless networks, when the distance between the source and destination is large, mutihop 

transmission with DF/AF relays can be used to reduce the effect of path loss and extend the 

coverage range of a system without using large transmit power [91, 92]. The main idea of this 

technique is relaying the source message to the destination via many intermediate nodes in case of 

no direct path between the source and the destination [see Fig.1-2]. Although multihop relaying 

systems improve the coverage and offer more energy efficient transmission but in return for this 

the outage probability increases when the number of hops increases. To mitigate this problem, 

diversity reception schemes such as maximum ratio combining (MRC) and selection combining 

(SC) can be employed at each intermediate node to enhance the outage performance, throughput 

and system capacity.  

 

 

Fig.1-2. Multihop transmission system 

 MIMO Systems  

By using multiple antennas at the transmitter and the receiver, we can exploit diversity in spatial 

domain which is called spatial diversity (also called antenna diversity) [2, 3]. Both precoding at the 

transmitter and signal combining at the receiver can be employed to improve the quality and 

𝑟1 

selected path 

⋯ 
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⋮  ⋮  

reliability of a wireless link.. With more than one transmit/receive antenna, a matrix channel H 

consists of different propagation channels is established between the 𝑁𝑡 transmit antennas at the 

transmitter and the 𝑁𝑡 receive antennas at the receiver [see Fig.1-3]. Assuming there is a low 

correlation between channels, the chance of occurrence of destructive interference at the receiver 

is low. The larger the number of antenna pairs, the higher diversity of the received signals (i.e., the 

higher the reliability of signal detection). When the transmitter is equiped with a single antenna 

and the receiver is equiped with multiple antennas, we can get advantage of spatial diversity at the 

receiver to reduce the complexity associated with MIMO systems, resulting in the so-called single-

input multiple-output (SIMO) systems. In a SIMO system, a transmitted signal goes through 

different channels and signals from each receive antenna are added together, resulting in MRC 

scheme where the receive SNR is maximized and the outage probability is minimized. Since the 

knowledge of channel fading amplitudes and channel phases is needed for MRC, this scheme is 

not practical for coherent and non-coherent detections. Hence, an alternative solution is to adopt 

the SC scheme where the receiver selects the diversity branch with the highest SNR for detection. 

In this case, the SC scheme can be used in conjunction with coherent and non-coherent modulation 

techniques since it does not require knowledge of signal phases on each branch [14].  

     

 

 

 

 

 

 

 

 

 

                                                                    Fig.1-3. MIMO Channel Model [2] 

If we assume that the transmitter is only able to obtain knowledge of channel amplitude but not 

channel phase information (e.g, partial CSI) because of rapid phase changes, transmit antenna 

selection  (TAS) scheme is utilized to transmit data only on the antenna with the best channel to 

avoid destructive interference. In this case, the receiver can estimate the CSI, compute the optimal 
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channel cofficients and send it to the transmitter through a dedicated feedback channel. To fully 

exploit the maximum transmit and receive diversity of MIMO systems, the TAS/MRC scheme was 

proposed by [17] as an effective way to provide low computational complexity and power 

transmitter requirements, which in turn leads to reducing hardware expenses due to radio frequency 

(RF) chains required to transmit antennas. By selecting only one transmit antenna that provides the 

highest post-processing SNR, the feedback overhead of channel state information to the transmitter 

is effectively minimized compared to conventional MIMO scheme and only a single RF chain can 

be used at the transmitter regardless of the number of transmit antennas [see Fig.1-4]. To further 

reduce the number of expensive RF chains at the receive side, the TAS/SC scheme is employed to 

select a single transmit and receive antenna. By doing so, a single RF chain can be used at both 

terminals [see Fig.1-5]. 

 

 

 

 

 

 

                                                               Fig.1-4. Block diagram of TAS/MRC scheme 

 

 Cooperative Spectrum Sensing 

Over recent years there have been increasing demand for additional bandwidth. Therefore, it is 

expected that radio spectrum scarcity will also become a critical challenge for wireless 

communications systems due to the growing number of spectrum uses. In order to solve the 

spectrum scarcity issue, the use of cognitive radio (CR) technology is considered as a promising 

solution to improve the spectrum utilization because of its ability to change its transmitter 

parameters based on the interaction with its environment without causing harmful interference to 

other licensed users [7]. However, one of the most difficult challenges in implementing spectrum 

sensing is the hidden terminal problem which occurs when the cognitive radio user is shadowed in 
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                                                                Fig.1-5. Block diagram of TAS/SC scheme 

severe multipath fading while the primary user (PU) is operating in the vicinity [18]. Such kinds 

of problems can cause interference to the licensed users due to the very low SNR environments, 

which in turn leads to degrade the system performance. Thus cooperative spectrum sensing (CSS) 

can be a powerful solution to combat such effects [19], in which multiple cognitive radio users can 

cooperate to increase the probability of PU detection [see Fig.1-6]. In general, CSS can be 

performed as follows: 

a) Each CR user (secondary user) sends its binary decision 𝐷𝑖 ∈ {0,1},  to fusion center (FC). 

b) At the FC, all the local decisions are combined according to the OR fusion rule. 

c) The global decision is made to infer the presence or the absence of PU after 𝑀 symbol 

periods. 

 

 

 

 

 

 

 

 

 

 

                                        

Fig.1-6. Cooperative spectrum sensing in cognitive radio network [95] 
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 Vehicle-to-Vehicle Fading Channels 

Vehicle-to-vehicle communications channels often exhibit greater dynamics and more severe 

fading than fixed-to-mobile (F2M) cellular radio channels, which are mostly limited to classical 

Rayleigh or Nakagami-m distribution (i.e., 𝑛 = 1), where the stationary base stations has high 

elevation antennas and is relatively free from local scattering [27]. Therefore, it is important to use 

a proper channel model that characterize the statistical properties of V2V fading channels such as 

n*Rayleigh distribution which has been proposed as an accurate statistical propagation model for 

V2V communication scenario [10].  

    In V2V communication, both the transmitter and receiver are in motion, and typically have the 

same antenna height, resulting in two or more small-scale fading processes generated by 

independent groups of local scatterers around the two mobile terminals [10] (see Fig.1-7, where 

two rings of scatterers are separated by a large distance (𝐷) and all propagation paths travel through 

the same narrow pipe called by a keyhole channel1). Generally, such stochastic properties can be 

encountered in dense urban and forest environments where local scattering objects such as 

buildings, street corners, bridges, moving vehicles, foliage and mountains, obstruct a direct radio 

wave path between the transmitter and the receiver giving rise to non line-of-sight propagation 

(NLOS) [118]. Upon the geometry of obstructing surface, the transmitted signal may undergo 

reflection, diffraction, and /or scattering. As a result, the received signal consists of different paths, 

arriving from different directions with random delays resulting in fast or slow fading. Depending 

on how rapidly the transmitted signal changes with respect to the rate of change in the channel, a 

channel may be classified either as a fast fading or slow fading channel [119]. If the channel 

impulse response changes rapidly within one pulse (symbol) duration, it is fast fading, otherwise it 

is slow fading.    

    Mathematically speaking, the n*Rayleigh fading channel model can be classified as a special 

case of the multiple sctattering channel model [see Fig.1-8], where the narrow-band impulse 

channel response is expressed as [11, 25] 

 

𝐻 = 𝑘 + ℎ1 + 𝛼ℎ2ℎ3 + 𝛽 ℎ4ℎ5ℎ6 + ⋯                                             (1.1) 

                                                 

1 Keyhole channel can be defined as a multiplier between two fading processes, resulting in a received signal amplitude 

that is a product of two Rayleigh random variables [11], e.g, double Rayleigh fading (𝑛 = 2) [113].    
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                                                        Fig.1-7. Double scattering Model [47] 

where 𝑘 is the Rician factor, ℎ𝑖 are complex, independent Gaussian random variables, 𝛼 and 𝛽 are 

attenuation factors. However, the n*Rayleigh distribution has been studied by [12], where the 

probability density function (PDF) of the received fading amplitude ℎ ≜ ∏ ℎ𝑖
𝑛
𝑖=1 , is given by 

𝑓ℎ(ℎ) = 2(2𝑛𝜎2)−1
2 𝐺0,𝑛

𝑛,0 ((2𝑛𝜎2)−1ℎ2 |
−        

 
1

2
, … ,

1

2
) .                                 (1.2) 

where  𝐺𝑝,𝑞
𝑚,𝑛(. ) is the Meijer-G function defined in [13, eq.(9.301)]. From (1.2), when 𝑛 = 1 

and 𝑛 = 2, the PDF of the received fading amplitude can be reduced to the well-known cases of                               

Rayleigh and double Rayleigh distribution. For example, when 𝑛 = 1 (Rayleigh fading), the 

Meijer-G function form reduces to 𝐺0,1
1,0 (𝑥 |

−
𝑎 ) =𝑥𝑎e−𝑥, resulting PDF as 𝑓ℎ(ℎ) =

ℎ

𝜎2 𝑒
− ℎ2

2𝜎2.  For 𝑛 =

2 (double Rayleigh), the Meijer-G function reduces to 𝐺0,2
2,0 (𝑥 |

−
𝑎, 𝑏) = 2 𝑥1 2(𝑎+𝑏)⁄ 𝐾𝑎−𝑏(2√𝑥), yielding 

to 𝑓ℎ(ℎ) =
ℎ

𝜎2 𝐾0(ℎ/𝜎), where 𝐾0(. ) is the zeroth-order modified Bessel function of the second kind 

defined in [12, eq. (9.6.21)]. 

     It is clear from (1.2) that the received instantaneous signal power can be defined by ℎ2. Thus, 

after the signal is passing through the fading channel, the signal is corrupted by additive white 

noise channel (AWGN) at the receiver. Consequently, the instantaneous SNR can be defined as 

 𝛾̅ = |ℎ|2𝑃/𝑁𝑜, where 𝑃 is the transmitted signal power and 𝑁𝑜 is the power spectral density 

(W/Hz). In this case, the PDF of 𝛾̅ can be found with the help of [14, eq. (1.2)], as 

 

 𝑓𝛾(𝛾̅) = (𝛾̅ 𝛾̅)−
1
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) .                                                (1.3) 
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                                                             Fig.1-8. Multiple scattering model  

 

where 𝛾̅ = 𝐄(|ℎ|2)𝑃/𝑁𝑜 is the average SNR, 𝐄(. ) is the expectation operator. However, a new 

accurate approximation for the PDF of n*Rayleigh distribution has been proposed by [15], which 

is derived based-on a transformed Nakagami-m distribution as  

 

        𝑓ℎ(ℎ) ≈ 2 (
𝑚

Ω
)
𝑚 ℎ

2𝑚
𝑛

−1

𝑛Γ(𝑚)𝜎
2𝑚
𝑛

e
−

𝑚

Ω𝜎2/𝑛ℎ
2
𝑛
,     ℎ ≥ 0                                (1.4) 

In this case, the instantaneous SNR per symbol of the channel, 𝛾̅, is distributed according to  

 

        𝑓𝛾(𝛾̅) ≈
𝛽𝑚𝛾̅𝛼−1

𝑛Γ(𝑚)
e−𝛽𝛾

1
𝑛 ,     𝛾̅ ≥ 0                                                (1.5) 

where 𝛼 = 𝑚 𝑛⁄  and 𝛽 = 2𝑚 Ω𝛾̅ 1/𝑛⁄ . The fading severity parameters (𝑚, Ω) are given by  

 

  𝑚 = 0.6102𝑛 + 0.4263,    Ω = 0.8808𝑛−0.9661 + 1.12     

It is important to mention that the approximation for the PDF in (1.4) has been examined in [15], 

by comparing it to the exact PDF derived in (1.3). The results have shown that the new 

approximation has high accuracy in most cases considered. Furthermore, the approximate PDF is 

easy to calculate and to manipulate compared to the exact PDF. As a double check, we verify the 

accuracy of the PDF in (1.4) using Monte-Carlo simulation, as illustrated in Fig.1-9, the 

approximate PDF has high accuracy as the cascading order n increases.  
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Fig.1-9. Comparison between analytical results and Monte-Carlo simulation for the PDF 

formulated by (1.4) (𝑛 = 3;𝑚 = 2.256, Ω = 1.424), (𝑛 = 4;𝑚 = 2.87, Ω = 1.351), (𝑛 =
5;𝑚 = 3.477, Ω = 1.306), 𝜎2 = 1  and 106 iterations 

 

                                                       
A simple figure characterizing the severity of fading (also called amount of fading (AoF)) is found 

for n*Rayleigh distribution as AF = 2𝑛 − 1 [12]. The higher the cascading order 𝑛 is, the larger 

the amount of fading will be.                                                                                               

1.2 Research Motivation and Problem Statement  

Communications in IVC systems are very challenging and existing solutions, for instance, from 

cellular and ad-hoc networks may not be applicable, which is mainly due to the dynamic nature of 

wireless links and the mobility patterns. In other words, due to the high speed movement between 

vehicles, the topology of vehicular networks is always changing compared to cellular networks so 

that the probability of intermittent connectivity between two vehicles is high, especially when the 

vehicle density is low. Depending on the scattering environment of mobile radio channels, 

multipath propagation of cellular radio systems is characterized by the classical Rayleigh fading 

channel model where the base station is stationary above rooftop level and the mobile station is at 

street level [34], whereas channel characteristics of V2V communications systems are described 

by an accurate model called the cascaded Rayleigh fading channel model where the multiple 

scattering is taken place between the transmitter and the receiver.  
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Current studies in the field of V2V communications have proven that several small-scale fading 

processes are multiplied together, resulting in a new product process with worse than Rayleigh 

statistics between the transmitter and the receiver. Such severe multipath fading can deteriorate 

link reliability (e.g., high outage probability and low data rate), increase dropped connections and 

reduce battery life. Therefore, the major challenge in our research is to combat fading effects 

occurring among vehicles because of n*Rayleigh fading channels.  

    Considering the problem and causes, we propose several cooperative schemes and approaches 

to improve the performance of IVC systems over n*Rayleigh fading channels. By deploying 

various cooperative communications systems in IVC networks, one can benefit from increasing the 

vehicle density. To this end, we develop general mathematical probability models to minimize the 

end-to-end outage performance using relay selection schemes and multihop systems. In addition, 

we propose and analyze the performance from the antenna diversity perspective using reduced-

complexity MIMO systems such as TAS/SC and TAS/MRC schemes which can easily achieve the 

spatial diversity gain and are utilized in case there is low traffic density or there are no cooperating 

nodes available between the source and destination. Moreover, we address the hidden terminal 

problem which occurs when the CR (secondary user) is hidden in n*Rayleigh fading channels while 

the PU is operating in the vicinity. In this case, the CR user fails to observe the presence of the PU 

and then will access the licensed channel causing interference to the licensed users [120]. Hence, 

cooperative spectrum sensing has interestingly become a powerful solution to increase the 

probability of PU detection. In this context, we analyze the energy detection over n*Rayleigh 

fading channels when cooperative spectrum sensing is employed in IVC system with and without 

MRC diversity reception.    

    To the best of our knowledge, cooperative communications systems, reduced-complexity MIMO 

systems, and spectrum sensing techniques over n*Rayleigh fading channels have not been analyzed 

before. Hence, it is the aim of this work to fill this research gap and study IVC systems under 

n*Rayleigh distribution. 

1.3 Literature Review   

Although wireless network connectivity with multinode relay-selection policy has been extensively 

studied in the literature, (see, e.g., [20-23] and references therein), most of the current works on 

cooperative with relay selection is not applicable to IVC networks. This is largely due to the 
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assumption of the underlying fading channel models, i.e., Rayleigh, Nakagami, etc., which are 

limited to cellular radio systems. It has been demonstrated recently that the so-called n*Rayleigh 

fading channel model, which involves the product of two or more independent Rayleigh distributed 

random variables, provides an accurate statistical description of the IVC channel [10]. However, 

several papers in the literature discussed the multiple scattering model for Rayleigh distribution, 

e.g., in [24-26], the authors found that the multiple-Rayleigh channel model can be more 

appropriate for M2M propagation scenario. In [35], the authors proposed a mathematical reference 

model for V2V Rayleigh fading channels under NLOS conditions. In [27, 47], simulation methods 

were proposed for the double-ring model to simulate the two dimensional (2D) local scattering 

environment. In [28, 29], experimental results in different vehicular communication contexts were 

reported for the multiple scattering Rayleigh propagation mechanism, in which several small-scale 

fading processes are multiplied together, leading to a worse-than Rayleigh fading which is used for 

modeling V2V communication channels.  

    Recently, a new accurate approximation to the PDF of product of n independent Rayleigh 

random variables has been proposed in [15], which is derived based on a transformed Nakagami-

m distribution. The authors has examined the accuracy of the new approximation by comparing it 

to the exact PDF. The results have shown that the new approximation has very high accuracy in 

most cases considered, which can be utilized for wireless communications applications such as 

inter-vehicular communications systems. In [30], the authors derive another new approximation 

for the PDF of the product of independent random variables, which is evaluated based on the 

previous work of [10]. This new approximate PDF was employed to calculate the outage 

probability of multihop wireless relaying over cascaded fading channels. The authors proved that 

the new approximation of the PDF is much simpler than that using the existing methods of infinite 

series or special functions. A generalized channel model called n*Nakagami fading was proposed 

in [31], constructed as the product of n Nakagami-m distributed random variables. A cascaded 

Weibull channel model was proposed in [32]. In [33], the authors proposed a new stochastic fading 

model called n*generalized k-distribution.  

    In this section, we present the related works to cooperative diversity with DF/AF relaying 

schemes over cascaded (generalized) fading channel models, as well as, we introduce some recent 

works in the open literature pertaining to MIMO-V2V channel modeling.    
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1.3.1 Cooperative Diversity Systems   

There have been several studies that have investigated the performance of cooperative transmission 

systems over generalized fading channels when a single-relay scenario is considered. For instance, 

in [36], the authors studied the symbol error rate (SER) analysis for AF relaying scheme over 

cascaded Nakagami-m fading. In this work, they assumed a single-relay scenario with two source 

terminals communicate to each other through the same relay, the results showed that the outage 

performance is diminished by increasing the cascading order n. The pairwise error probability 

(PEP) for AF relaying over a doubly selective fading channel was determined in [37].  

    In [40], useful exact and asymptotic analytical expressions were derived for the SER for DF 

relaying scheme under double Nakagami-m distribution. In [42], the authors derived SER 

expressions for AF relaying over n*Nakagami fading channels. In this study, both instantaneous 

and average power scaling factors are employed at the relay. The results showed that the 

instantaneous power scaling factor becomes advantageous over the average power scaling factor 

when the relay node is close to the source. In [43], an accurate expression for the SER was 

introduced for single and multi-relay AF systems over imperfect double Rayleigh channel 

estimates. In [38], an analytical expression for the PEP for distributed space-time trellis codes 

(STTCs) was derived in AF relaying mode over double Rayleigh fading channels. In [39], closed-

form bounds for the outage probability of two-way AF relaying system was presented over double 

Nakagami-m fading channels.  

    Taking advantage of cooperative diversity systems across generalized fading channels, some 

studies in the literature have compared the performance of cooperative communications systems 

with diversity combining schemes. For instance, in [34], both the PEP and bit error rate (BER) of 

double Nakagami fading channels were analyzed for AF relaying mode and compared with the 

MRC scheme. Furthermore, a power allocation problem was addressed in this study. The results 

showed that the considered scheme can extract the full distributed spatial diversity. Additionally, 

the performance of the cooperative scheme with optimal power allocation can outperform the MRC 

scheme. In [41], the study investigated the effect of diversity combing reception on relaying 

systems. In particular, the performance of dual-hop AF relay networks with equal gain combining 

(EGC) was studied in term of BER over double Rice fading channels. The analytical results showed 
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that the diversity order can be improved by increasing the number of diversity branches between 

the source and destination.  

Considering the statistical properties of generalized fading channels, analytical expressions for first 

and second order statistics were provided by [44]-[46]. For instance, in [44], analytical expressions 

for level crossing rate (LCR) and average fade duration (AFD) of n*Rayleigh fading channels were 

presented in AF multihop transmission. In [45], using AF relaying mode, the authors studied the 

influence of the severity of double Nakagami fading on PDF, cumulative distribution function 

(CDF), LCR and AFD of the channel capacity. The results showed that an increase of severity of 

fading in one or both links of double Nakagami-m channels decreases the mean channel capacity 

while it results in an increase in the AFD of the channel capacity. In [46], statistical characteristics 

of narrowband AF relay networks fading channels with a single relay scenario was studied over 

double Hoyt fading, including channel variance, PDF, LCR and AFD. 

    One the other hand, there have been few contributions that have proposed and discussed the 

significance of cooperative diversity on routing efficiency over cascaded Rayleigh fading channel, 

considering the route selection strategy as an efficient solution for the connectivity problem among 

vehicles, for example, in [16], the authors examine the cooperative diversity transmission with DF 

relay selection over a double Rayleigh fading model. Upon the performance evaluation, it is 

observed that the maximum achievable diversity order is equivalent to the number of relays. In 

[48], cross-layer routing strategies were discussed by using cooperative transmission in IVC 

systems. The authors proposed a new approach of the path selection to achieve a better trade-off 

between the transmit power consumption and end-to-end transmission reliability over double 

Rayleigh fading channels, and proved that a route adopted by the relay selection strategy can 

improve a quality of wireless link such as lower power consumption or higher reliability. 

     The effect of the selective DF/AF relaying schemes and multihop systems on n*Rayleigh fading 

channels seems sparse in the literature. Therefore, the main target of this research is to give a 

comprehensive performance analysis for cooperative diversity systems with n*Rayleigh fading.  

 

1.3.2 MIMO-V2V Systems  

Performance analysis of MIMO systems has been extensively studied in the literature (see, e.g., 

[49],[50] and the references therein), most of these works were focused on classical Rayleigh or 
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Nakagami distributions. In fact, there a few contributions that conducted MIMO processing over 

V2V communication channels. For instance, the authors in [51] developed a generic geometry-

based stochastic channel model for V2V links built on diffuse and discrete scatterer distributions 

using MIMO channel measurements performed by 5-GHz band in highways and rural 

environments. In [52], the authors presented a wide measurement campaign of MIMO-V2V 

propagation channel model in various environments and non-stationary behaviors such as large-

scale and small-scale fading statistics were investigated accordingly. In [53], V2V channel 

measurements was analyzed based on the placement of multiple antennas on the vehicle and they 

showed an improvement in diversity gain. The authors in [54] presented MIMO-V2V channel 

measurements in a highway scenario based on pathloss, power-delay profile and delay-Doppler 

spectrum. 

    In [55], the authors reviewed a three-dimensional (3D) reference model for MIMO-V2V channel 

measurement campaign along with its first and second-order channel statistics in metropolitan area, 

where a new maximum-likelihood estimator was derived to extract the channel model parameters 

from the measured data. In [56], a geometrical two-ring scattering model was proposed for MIMO-

V2V scheme over frequency-nonselective fading channels, assuming that both the transmitter and 

the receiver are surrounded by infinite local scatterers. The authors showed that if the distance 

separation between the transmitter and receiver terminals is much greater than the ring radii around 

the two mobile terminals, a double-Rayleigh distribution is followed instead of classical (single)-

Rayleigh fading channel. 

    Although the aforementioned geometric models can be used to model the V2V channel 

characteristics in a wide variety of environments, unfortunately, they are complex and require 

numerous parameter selections for the specific environment of interest [57].  To  get  more  insight  

into  the characteristics of the V2V propagation channels; we introduce some works  that  have  

discussed  MIMO  systems  over  the keyhole  channels. For example, in [58], the authors analyzed 

the average SER of MIMO-orthogonal space-time block codes (STBCs) in the presence of the 

keyhole which is characterized by double Nakagami-m fading channels. The results showed that 

the keyhole significantly degrades the symbol error probability of MIMO-STBC. The authors in 

[59] investigated the outage capacity distribution of spatially correlated keyhole (double Rayleigh) 

MIMO channels with perfect CSI knowledge at the receive end and with/or without CSI at the 

transmit end. The measurements of outage capacity are similarly to full-rank Rayleigh fading 
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channels, asymptotically Gaussian, when the number of both transmit and receive antennas is large 

regardless whether or not the CSI is available at the transmitter. In [69], an exact expression for the 

PEP of STCCs was derived over double Rayleigh fading 

    In [60], the authors determined exact and approximate expressions for the LCR and AFD of the 

double Nakagami-m random process. In [61], the authors investigated the performance of MIMO-

STBC systems over generalized-K fading channels. In this study, exact analytical expressions were 

derived in terms of outage probability, average channel capacity and average SER. In [62], a simple 

analytical capacity bound was derived for MIMO systems over generalized-K fading channels. In 

[63], the authors introduced closed-forms expressions for outage probability, symbol error 

probability, amount of fading and egodic capacity for MIMO systems under a double Weibull 

distribution. In [64], a performance analysis of coded MIMO-orthogonal frequency division 

multiplexing (OFDM) systems with perfect CSI knowledge at the transmitter and the receiver was 

tackled under generalized Rician distribution. In [65], the effect of imperfect channel estimation 

on the performance of STBC-IVC systems was investigated in the BER over cascaded Rayleigh 

fading channels. In [66], the performance of a single wireless link has been studied over double 

Rayleigh fading channels, and the results showed that double scattering channels have a severe 

degradation on the SER.  

    There have been some works in the literature that have also discussed the effect of diversity 

combining schemes on generalized fading channels. For instance, in [68], the authors investigated 

the outage probability and BER for different diversity receivers over cascaded Nakagami-m fading, 

including MRC, SC, EGC and generalized selection combining (GSC) algorithms. The analytical 

results showed that the MRC algorithm has the best performance over other algorithms. In [70], 

the author derived a closed-form expression for the SER with receive antenna diversity over double 

Rayleigh fading channels. The results revealed that the diversity order equal to the number of 

receive antennas. In [71], the authors analyzed the BER for EGC receiver scheme with non-

coherent transmission over generalized-K fading channels. The results showed that the diversity 

order of coherent transmission which relies on the availability of an accurate channel knowledge 

at the receive side, is the same as in case of non-coherent transmission. In [67], the authors derived 

analytical expression for the average BER of M-PSK modulation when the MRC diversity receiver 

is considered over double Rician fading channels. 
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Since the generalized fading channel models for MIMO systems with transmit antenna selection 

are absent in the literature, we examine the performance of TAS/MRC and TAS/SC schemes over 

n*Rayleigh fading channels when partial CSI knowledge is available at the transmitter.  

1.4 Thesis Objectives 

The main objective of our research is to propose and evaluate the performance of various efficient 

schemes and approaches that can be used in intervehicular communications networks to avoid poor 

connections among vehicles because of n*Rayleigh fading channels. New efforts at different levels 

are needed, including at the physical layer level, which is the aim of this work. The specific 

objectives are: 

1. Evaluate the performance of DF/AF cooperative communications systems based on both 

relay selection and multihop strategies over n*Rayleigh fading channels. In this regard, the 

main goal is to provide easy-to-compute analytical expressions for the outage probability, 

the maximum diversity order, the amount of fading, the symbol error rate, and the average 

channel capacity under n*Rayleigh distribution.   

2. Propose an efficient power allocation scheme to optimize the overall transmit power 

between the source and the relay nodes when perfect channel state information is available, 

in which one can reduce the interference for the entire IVC network and consequently, 

obtain less outage probability.       

3. Address and solve the hidden terminal problem over n*Rayleigh fading channels, using the 

cooperative spectrum sensing approach with MRC diversity reception.   

4. Propose and examine low-complexity MIMO systems with n*Rayleigh fading such as 

TAS/MRC and TAS/SC schemes, which allow a system designer to perform comparison 

between the performance and complexity. To this end, general analytical expressions for 

the outage and error probabilities should be derived to assess and compare the performance 

of both schemes.  

1.5   Thesis Outline 

The thesis outline is as follows:  

Chapter 2 analyzes the performance of IVC systems with relay selection over n*Rayleigh fading 

channels. In particular, we consider the selective DF relaying protocol in dual-hop inter-vehicular 
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transmission scenario when there is no direct transmission between the source and the destination. 

In this chapter, we derive approximate closed-form expressions for the outage probability, the 

symbol error probability, and the average channel capacity. Furthermore, we address and solve the 

power allocation problem for the underlying scheme. In Chapter 3, we study the performance of 

IVC systems when selective AF relaying scheme is considered. In this chapter, approximate closed-

form expressions are derived for the outage probability and the symbol error rate. In Chapter 4, we 

investigate the performance of IVC systems with the multihop transmission approach, assuming 

regenerative or non-regenerative relays to forward the source message to the destination. We derive 

approximate and bounds expressions for outage probability and amount of fading. We further 

propose a power allocation scheme to minimize the outage performance. In chapter 5, we address 

the problem of energy detection of unknown signals over n*Rayleigh fading channels, using CSS 

approach with/without MRC diversity reception. In this chapter, approximate closed-form 

expressions of the probability of detection for both no-diversity and diversity reception are 

presented. Chapter 6 presents the performance analysis of IVC systems with TAS/MRC and 

TAS/SC schemes over n*Rayleigh fading channels. In this chapter, we derive approximate closed-

form expressions for the outage probability, the amount of fading, and the symbol error rate. In 

chapter 7, general discussion is provided. Finally, we conclude the research with future work in 

Chapter 8.  
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Abstract 

In this paper, we investigate the performance of a dual-hop inter-vehicular communications system 

assuming the selective decode-and-forward relaying protocol. We focus on cascaded Rayleigh 

(also called n*Rayleigh) fading channels, which have been recently proposed as realistic 

propagation channel models for vehicle-to-vehicle communications. We propose and analyze new 

approximate closed-form expressions for the outage probability, the symbol error probability, and 
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the average channel capacity, which are derived using a simple and reliable approximation to the 

probability density function of a product of n arbitrary independent cascaded Rayleigh fading 

channels  (𝒏 ≥ 𝟐). Furthermore, we propose a power allocation scheme when the statistical 

channel state information is available at the source and the relay nodes. Numerical results show 

that the best relay selection technique achieves an asymptotic diversity order of (𝑚𝑁/𝑛) where 𝑁 

is the number of relays and m is a cascaded Rayleigh fading parameter. 

Index Terms: Cooperative diversity, inter-vehicular networks, cascaded Rayleigh fading 

channels, relay selection, outage probability. 

2.1 Introduction 

Dual-hop vehicle-to-vehicle communications systems have recently received considerable 

attention in the research community. Such systems are intended to improve safety and reduce traffic 

congestion by efficient integration of communications technologies in road transportation. In 

general, due to the high mobility and the non-uniform distribution of vehicles, which can cause 

frequent route interruptions [1], the risks of traffic congestion and accidents necessitate the 

development of a new transportation network technology. This emerging technology exploits the 

capabilities of wireless communication to advance the research in intelligent transportation systems 

(ITS). The key idea is to create wireless connections among vehicles while they are connected to 

other networks at home or at a workplace. Thus, cooperative diversity is a promising 

communication technology [2] to simplify routing problems in inter-vehicular communications 

(IVC) and provide high data rate coverage. The main idea behind this technique is to forward a 

source message to a desirable destination with the help of intermediate nodes. However, the need 

for transmitting data in multi-relay networks over orthogonal (time or frequency) channels reduces 

spectral efficiency and increases overhead. Additionally, due to power allocation constraints, using 

multiple relay cooperation is not economical and this motivates the use of relay selection 

techniques. The most common approach is to select the relay with highest signal-to-noise ratio 

(SNR) at the destination terminal. In this case, the diversity gain can be improved without the need 

for multiple antenna deployment at each node [75]. There are two main relaying schemes utilized 

by cooperative networks, namely, the decode-and-forward (DF) and the amplify-and-forward (AF). 

In the former, the relay decodes and then retransmits the received source signal to the destination. 
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In the latter, the relay amplifies the analog signal received from the source and forwards it to the 

destination node [9]. 

In fact, wireless network connectivity with relay selection in multi-node cooperation has been 

extensively studied in the literature, (see, e.g., [20, 21, 23] and references therein). Most of these 

studies were in the context of ad hoc wireless networks and assumed the classical Rayleigh 

distribution, which is limited to fixed-to-mobile cellular radio channels. Recently, the cascaded 

n*Rayleigh distribution was proposed as an accurate statistical propagation model for mobile-to-

mobile scenario. In vehicle-to-vehicle (V2V) communications, both the transmitter and receiver 

are in motion and typically use the same antenna height, resulting in two or more independent 

Rayleigh fading processes, generated by independent groups of scatterers around the two mobile 

terminals [10]. Several papers in the literature have argued that the cascaded Rayleigh distribution 

accurately characterizes for mobile-to-mobile communication scenarios [24]-[26]. In [12], the 

authors derive exact probability density function (PDF) and distribution function (CDF) 

expressions for n*Rayleigh distribution. A generalized channel model called n*Nakagami has been 

proposed by [31], based on the product of n Nakagami-m distributed random variables. In [56], 

multiple-input multiple-output (MIMO) techniques were studied for mobile-to-mobile 

communications systems. The authors concluded that if the distance separation between the 

transmitter and receiver terminals is much greater than the ring radii around the two terminals, a 

double-Rayleigh distribution model should be considered instead of classical (single)-Rayleigh 

fading channels. In [28],[29], experimental results in different vehicular communication 

environments have shown that in vehicular networks, several small-scale fading processes are 

multiplied together, leading to a worse-than Rayleigh fading. More recently, a new accurate 

approximation of the PDF of the product of n independent Rayleigh random variables was proposed 

by [15], which was derived based on a transformed Nakagami-m distribution. The authors 

examined the accuracy of the new approximation by comparing it to the exact PDF derived in [12]. 

Their results have shown that the new approximation is highly accurate in most considered cases, 

hence; it can be utilized for wireless communications applications such as IVC systems. In [30], 

the authors derived another new approximation for the PDF of the product of independent random 

variables, which was evaluated based on the earlier work of [15]. This new approximate PDF was 

employed to calculate the outage probability of multi-hop wireless relaying over cascaded fading 

channels and the authors proved that the new PDF approximation is much simpler than that 
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obtained using the existing methods of infinite series or special functions. Few recent works have 

discussed the significance of cooperative diversity over cascaded Rayleigh fading channels. In [34], 

the performance of an inter-vehicular cooperative scheme with amplify-and-forward relaying over 

cascaded Nakagami-m fading channel was analyzed where the authors assumed a single-relay 

scenario operating in half-duplex mode. They have shown that the inter-vehicular cooperative 

scheme can exploit full spatial diversity. In [16], the authors examined cooperative diversity 

transmissions with the selective-DF (S-DF) relaying over a double Rayleigh fading model (𝑛 = 2). 

They have demonstrated that the maximum achievable diversity gain is equivalent to the number 

of relays. The authors in [36] studied the symbol error rate (SER) performance of a two-way relay 

network over cascaded Nakagami fading. The results showed that the improvement in outage 

performance is diminished by increasing the cascading order (𝑛). In [37], the authors derived a 

pairwise error probability (PEP) for an amplify-and-forward cooperative systems over a doubly 

selective fading channel. 

 To the best of our knowledge, S-DF relaying schemes in inter-vehicular cooperative networks 

over cascaded Rayleigh (n*Rayleigh) fading channels have not been studied before. Hence, it is 

the main goal of this paper to provide a comprehensive performance analysis for IVC systems with 

relay selection. Specifically, our contributions are summarized as follows:  

1. We derive an approximate closed-from expression for the outage probability for the S-

DF scheme over n*Rayleigh fading channels.

2. We derive a new lower-bound expression for the moment generating function (MGF),

which is used to compute the symbol error probability of M-ary phase shift keying (M-

PSK) modulation. We further derive an asymptotic expression for the average channel

capacity.

3. We propose a power allocation scheme to optimize the overall transmit power between

the source and the best relay when statistical channel state information is available at the

source. In particular, we study the outage performance over highly unbalanced channel

links between the source and the selected relay and the destination.

4. We demonstrate that the maximum achievable diversity order for n*Rayleigh fading

channels is reduced by increasing the cascading order 𝑛.

The rest of this paper is organized as follows. Section 2.2 introduces the system and channel model 

of dual-hop inter-vehicular cooperative transmission. In Section 2.3, we derive the approximate 
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closed-form expressions for the outage probability, the symbol error probability, and the average 

channel capacity. In Section 2.4, the numerical results are presented. Finally, Section 2.5 concludes 

the paper. 

2.2   System Model and Assumptions 

2.2.1   Channel Model  

We consider an IVC transmission system where a source terminal (𝒔) transmits information to a 

destination terminal (𝒅) with the assistance of 𝑁 relays 𝑟𝑖 (𝑖 = 1, . . . , 𝑁); see Fig. 2-1. We assume 

that each node is equipped with a single antenna and operates in half-duplex mode. 

 

Fig.2-1. Dual-hop inter-vehicular cooperative transmission system 

Under this scenario, in the first time slot, the source node broadcasts its message to all potential 

relaying nodes. In the second time slot, the relays decode the source message and the relay with 

the maximum SNR at the destination node is selected from the decoding set to forward the source 

message. The channel coefficients of the links between 𝑠 → 𝑟𝑖 (ℎ𝑠𝑖) and  𝑟𝑖 → 𝑑 (ℎ𝑖𝑑) are modeled 

as a product of n independent circularly complex Gaussian random variables, each of which can be 

defined as ℎ𝑠𝑖 ≜ ∏ ℎ𝑠𝑖,𝑗
𝑛
𝑗=1 , ℎ𝑖𝑑 ≜ ∏ ℎ𝑖𝑑,𝑗

𝑛
𝑗=1  with zero mean and channel variance equivalent to

(𝜆𝑠𝑖) and (𝜆𝑖𝑑), respectively, for 𝑖 = 1, 2, … ,𝑁. Therefore, |ℎ𝑠𝑖| and  |ℎ𝑖𝑑|  follow a cascaded

Rayleigh distribution.  We assume that all underlying channels are quasi-static which can be 

justified for vehicular communications scenarios in rush-hour traffic [77]. Due to the broadcast 

nature of the wireless medium, both the relays and the destination receive a noisy signal. Therefore, 

the signal received by the relay node from the source 𝑦𝑠𝑖(𝑡), and that received by the destination

node from the best relay 𝑦𝑟𝑑(𝑡), are given respectively by [8]

𝑦𝑠𝑖
(𝑡) = ℎ𝑠𝑖√𝑃𝑥(𝑡) + 𝑤𝑖(𝑡)

𝑟1 𝑟𝑖 𝑟𝑀 
S d 

ℎs1 

ℎs𝑖 

ℎs𝑀 ℎ1𝑑 

ℎ𝑖𝑑 

ℎ𝑀𝑑 
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𝑦𝑟𝑑(𝑡) = ℎ𝑟𝑑√𝑃𝑥𝑟(𝑡) + 𝑤𝑑(𝑡) (2.1) 

where 𝑥(𝑡) is a transmitted symbol signal from the source, 𝑥𝑟(𝑡) is the transmitted symbol signal

forwarded by the best relay to the destination node,  𝑃 is the transmitted signal 

power,  𝑤𝑖(𝑡)~𝒞𝒩(0,𝑁𝑜) and 𝑤𝑑(𝑡)~𝒞𝒩(0, 𝑁𝑜) are additive white Gaussian noise (AWGN) at

the relay and destination nodes  respectively, assuming that all links have zero mean and variance  

(𝑁𝑜).

2.2.2   Cooperative Protocol 

In the S-DF relaying scheme, the source transmits its message to a set of relay nodes and the 

destination.  In this stage, the S-DF relaying policy is applied in choosing the 𝑖𝑡ℎ reliable path

between (𝑠 → 𝑟𝑖) and (𝑟𝑖 → 𝑑) links. We define the decoding set (𝒟) as a set of relays that decode

the source message successfully when the channel quality between the source and relay node is 

sufficiently good. We assume that each relay can determine whether the source message is decoded 

correctly or not through a cyclic redundancy check (CRC). In the second time slot, only one relay 

from the decoding set (𝒟), having the best link quality with the destination will be able to forward 

the source message.  In this case, two orthogonal time slots are utilized to perform the cooperative 

transmission, and the transmitted signal on the (𝑠 → 𝑟𝑖) link must be coded with rate (2𝑅) in order

to achieve an average end-to-end rate of  𝑅, otherwise the (𝑠 → 𝑟𝑖)  link is in outage case. 

Mathematically speaking, the decoding set is given by   

𝒟 = {𝑖: log2(1 + 𝛾̅𝑠𝑖) ≥ 2𝑅}                                                      (2.2)

where 𝛾̅𝑠𝑖 = |ℎ𝑠𝑖|
2 𝑃 𝑁𝑜 ⁄ , is the instantaneous SNR over (𝑠 → 𝑟𝑖) link. Therefore, the effective

SNR, 𝛾̅𝐷𝐹, received at the destination node can be expressed as 

 𝛾̅𝐷𝐹 = max
𝑖∈𝒟

 {𝛾̅𝑖𝑑}  (2.3)

where 𝛾̅𝑖𝑑 = |ℎ𝑖𝑑|2 𝑃 𝑁𝑜 ⁄ , is the instantaneous SNR over (𝑟𝑖 → 𝑑) link. By introducing the random

variable 𝛾̅𝑖 as an equivalent instantaneous SNR over 𝑠 → 𝑟𝑖 → 𝑑 link, one can rewrite (2.3) to be 

more analytically tractable as [78] 

 𝛾̅𝐷𝐹 = max
𝑖∈𝑁

 {𝛾̅𝑖}  (2.4) 
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2.2.3   Deriving the CDF of Received SNR 

Both links between (𝑠 → 𝑟𝑖) and (𝑟𝑖 → 𝑑) are modeled by the approximate PDF of n*Rayleigh

random variables [15]. This approximation, which is based on a transformed Nakagami-m 

distribution, is expressed as 

𝑓ℎ(ℎ) ≈ 2 (
𝑚

Ω
)
𝑚 1

𝑛Γ(𝑚)𝜎
2𝑚
𝑛

 ℎ
2𝑚
𝑛

−1 exp (−
𝑚

Ω𝜎
2
𝑛

 ℎ
2
𝑛) , ℎ ≥ 0   (2.5) 

where 𝑚 and Ω are the cascaded Rayleigh fading parameters given by 

𝑚 = 0.6102𝑛 + 0.4263,    Ω = 0.8808𝑛−0.9661 + 1.12  (2.6) 

To obtain the PDF for the SNR, using the change of variable, we get 

 𝑓𝛾(𝛾̅) =
𝑓ℎ(√2𝑛𝜎2 𝛾̅ 𝛾̅ ⁄ )

2√𝛾̅𝛾̅ 2𝑛𝜎2⁄
 (2.7) 

By substituting (2.5) into (2.7), we can obtain closed-form expressions for the approximate the 

instantaneous SNR PDF (𝑠 → 𝑟𝑖) and (𝑟𝑖 → 𝑑) links, respectively as  

𝑓𝛾𝑠𝑖
(𝛾̅) ≈

𝛼𝑖
𝑚𝑠𝑖

𝑛𝑠𝑖Γ(𝑚𝑠𝑖)
𝛾̅𝑎𝑖−1exp(−𝛼𝑖𝛾̅

1
𝑛𝑠𝑖) ,     𝛾̅ ≥ 0  (2.8) 

𝑓𝛾𝑖𝑑
(𝛾̅) ≈

𝛽𝑖
𝑚𝑖𝑑

𝑛𝑖𝑑Γ(𝑚𝑖𝑑)
𝛾̅𝑏𝑖−1 exp(−𝛽𝑖𝛾̅

1
𝑛𝑖𝑑) ,    𝛾̅ ≥ 0  (2.9) 

where 𝛼𝑖 = 2𝑚𝑠𝑖 Ω𝑠𝑖𝛾̅ 𝑠𝑖
1

𝑛𝑠𝑖⁄ ,  𝛽𝑖 = 2𝑚𝑖𝑑 Ω𝑖𝑑𝛾̅ 𝑖𝑑
1

𝑛𝑖𝑑⁄ , 𝑎𝑖 = 𝑚𝑠𝑖 𝑛𝑠𝑖⁄ , and 𝑏𝑖 = 𝑚𝑖𝑑 𝑛𝑖𝑑⁄ . The average links 

SNR of 𝛾̅𝑠𝑖  and 𝛾̅𝑖𝑑 are independent, but not necessarily identically distributed (i.n.i.d) random 

variables with means defined as 𝛾̅ 𝑠𝑖 = 𝐄(|ℎ𝑠𝑖|
2) 𝑃 𝑁𝑜⁄  and 𝛾̅ 𝑖𝑑 = 𝐄(|ℎ𝑠𝑖|

2) 𝑃 𝑁𝑜⁄ , respectively,

where 𝐄(. ) is the statistical expectation operator.  

To derive an approximate PDF for the received SNR at the destination node via the i-th dual-hop 

(𝑠 → 𝑟𝑖 → 𝑑) link, we invoke the technique described in [79]. Consequently, the conditional PDF
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of the received SNR indicating that  𝑟𝑖 is idle when the instantaneous SNR of (𝑠 → 𝑟𝑖) link is below

a predetermined threshold value  (𝛾̅𝑜 = 22𝑅 − 1); is expressed as 𝑓𝛾𝑖|𝑟𝑖 𝑖𝑠 𝑜𝑓𝑓(𝛾̅) = 𝛿(𝛾̅). Hence,

the probability that the i-th relay will not be in the decoding set 𝒟 can be found as follows 

𝐴𝑖 = Pr(𝛾̅𝑠𝑖 ≤ 𝛾̅𝑜) = ∫ 𝑓𝛾𝑠𝑖
(𝛾̅) 𝑑𝛾̅  (2.10)

𝛾𝑜

0

 

By substituting (2.8) into (2.10), and with the help of the fact that [13,eq.(3.381.1) and eq.(8.356.3)]   

∫ 𝑥𝑣−1 exp(−𝜇𝑥) 𝑑𝑥
𝑢

0

= 𝜇−𝑣γ(𝑣, 𝜇𝑢)

and  γ(𝛼, 𝑥) + Γ(𝛼, 𝑥) = Γ(𝛼)            (2.11) 

 we calculate the probability of the (𝑠 → 𝑟𝑖)  link under the outage case as 

 𝐴𝑖 = 1 −
Γ(𝑚𝑠𝑖 , 𝛼𝑖𝛾̅𝑜

1
𝑛𝑠𝑖)

Γ(𝑚𝑠𝑖)
 (2.12) 

where γ(𝛼, 𝑥) = ∫ 𝑒−𝑡𝑡𝛼−1 𝑑𝑡  
𝑥

0
and   Γ(𝛼, 𝑥) = ∫ 𝑒−𝑡𝑡𝛼−1 𝑑𝑡 

∞

𝑥
 represent the lower and the upper 

incomplete gamma function, respectively, as defined in [80].

On the other hand, the probability that the i-th relay is in the decoding set is (1 − 𝐴𝑖),  and the

conditional PDF given 𝑟𝑖 is active is 𝑓𝛾𝑖|𝑟𝑖 𝑖𝑠 𝑜𝑛(𝛾̅) = 𝑓𝛾𝑖𝑑
(𝛾̅). Therefore, the unconditional

approximate PDF of the instantaneous SNR (𝛾̅𝑖) over the i-th cascaded (𝑠 → 𝑟𝑖 → 𝑑) link from the

source to the destination can be expressed as  

𝑓𝛾𝑖
(𝛾̅) ≈ 𝐴𝑖𝛿(𝛾̅) +

𝛽𝑖
𝑚𝑖𝑑(1 − 𝐴𝑖)𝛾̅

𝑏𝑖−1

𝑛𝑖𝑑Γ(𝑚𝑖𝑑)
exp (−𝛽𝑖𝛾̅

1
𝑛𝑖𝑑) ,    𝛾̅ ≥ 0  (2.13) 

Using the facts in (2.11), the approximate CDF of  𝛾̅𝑖   can be derived from (2.13) as

𝐹𝛾𝑖
(𝛾̅) ≈ 1 − (1 − 𝐴𝑖)

Γ (𝑚𝑖𝑑, 𝛽𝑖𝛾̅
1

𝑛𝑖𝑑)

Γ(𝑚𝑖𝑑)
 (2.14) 

Consequently, the approximate CDF of 𝛾̅𝐷𝐹 can be derived as follows 
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𝐹𝛾𝐷𝐹
(𝛾̅) = Pr (max

𝑖∈𝑁
(𝛾̅𝑖) ≤ 𝛾̅) = ∏𝐹𝛾𝑖

(𝛾̅)

𝑁

𝑖=1

 (2.15) 

2.3    Performance Analysis 

2.3.1   Outage Probability 

The outage probability 𝑃𝑜𝑢𝑡 ≜ 𝐹𝛾𝐷𝐹
(𝛾̅𝑜) of a communication channel can be defined as the

probability that the maximum instantaneous SNR (𝛾̅𝑖) falls below a certain threshold (𝛾̅𝑜). In this

section, we derive a closed-form expression for the outage probability and determine the achievable 

diversity order of the S-DF scheme over n independent cascaded Rayleigh fading channels. To 

simplify the notations, we define 𝜆𝑠𝑖 = 𝐄(|ℎ𝑠𝑖|
2), 𝜆𝑖𝑑 = 𝐄(|ℎ𝑖𝑑|2) , and  SNR = 𝑃 𝑁𝑜⁄ .

   Using (2.15), the outage probability of the S-DF relaying scheme over i.n.i.d cascaded Rayleigh 

random variables can be found as  

𝑃𝑜𝑢𝑡 = ∏[𝐹𝛾𝑖
(𝛾̅𝑜)]

𝑁

𝑖=1

 (2.16) 

In the case of i.i.d cascaded Rayleigh random variables, where (𝑚𝑠𝑖 = 𝑚𝑖𝑑 = 𝑚,   Ω𝑠𝑖 = Ω𝑖𝑑 =

Ω,   𝑛𝑠𝑖 = 𝑛𝑖𝑑 = 𝑛, 𝜆𝑠𝑖 = 𝜆𝑖𝑑 = 𝜆,   ∀  𝑖 = 1,2, … , 𝑁) ,  (2.16) can be upper bounded as  

𝑃𝑜𝑢𝑡
≤ [2

γ (𝑚, 𝛽𝛾̅𝑜

1
𝑛 )

Γ(𝑚)
]

𝑁

 (2.17) 

Then, at high SNR (i.e., when SNR ≫ 0), with the help of the facts that [80, eq.(6.5.12) and 

eq.(13.5.5)] 

γ(𝛼, 𝑥) =
𝑥𝛼

𝛼
𝑀(𝛼, 𝛼 + 1,−𝑥) 

and  𝑀(𝑎, 𝑏, 𝑥) = 1 as |𝑥|  → 0  (2.18) 

where 𝑀(. , . , . ) is the Kummer’s confluent hypergeometric function, defined in [80, eq.(13.1.2)], 

(2.17) can be written as 
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𝑃𝑜𝑢𝑡 ≤ (
2(2𝑚

Ω⁄ )
𝑚

𝑚 Γ(𝑚)𝜆
𝑚
𝑛

)

𝑁

(
𝛾̅𝑜

SNR
)

𝑚𝑁
𝑛

+ 𝒪 ((
𝛾̅𝑜

SNR
)

𝑚𝑁
𝑛

+1

)  (2.19) 

Now, it can be easily seen that the achievable diversity order of an IVC system over cascaded 

Rayleigh fading channels is 𝑑 ≈ 𝑚𝑁/𝑛. This is due to the fact that the maximum achievable 

diversity order is defined as the slope of the outage probability as a function of the average SNR 

in log-log scale, i.e., [81] 

𝑑 = lim
SNR→∞

(− log 𝑃𝑜𝑢𝑡/ log SNR) =
𝑚𝑁

𝑛
 (2.20) 

From (2.19), we can also deduce that the effective coding gain (CG) is given by the following 

expression 

 CG = [
2(2𝑚

Ω⁄ )
𝑚

𝑚 Γ(𝑚)𝜆𝑚/𝑛
]

−
𝑛
𝑚

 (2.21) 

Note that the coding gain in (2.21) depends only on the severity fading parameters and channel 

variance which are assumed to be fixed during the whole transmission time, regardless of the value 

of the parameter 𝑁. 

2.3.2   Average Symbol Error Rate 

For simplicity, we analyze the SER performance of M-PSK modulation with the S-DF relaying 

scheme over i.i.d cascaded Rayleigh random variables. The symbol error probability can be 

calculated through the so-called MGF approach [14] 

𝑃(𝑒) =
1

𝜋
∫ Φ𝛾𝐷𝐹

(
sin2(𝜋 𝑀⁄ )

sin2 𝜃
)

𝜋−𝜋
M

0

𝑑𝜃  (2.22) 

where Φ𝛾𝐷𝐹
(∙) is the MGF of effective SNR received by the destination, given by Φ𝛾𝐷𝐹

(𝑠) =

𝑠ℒ{𝐹𝛾𝐷𝐹
(𝛾̅); 𝑠}, where ℒ(. ; . ) denotes the Laplace Transform. Since the fading severity

parameter 𝑚 in (2.15) is a real-valued parameter, it is challenging to derive a closed-form 

expression for the MGF of  𝛾̅𝐷𝐹 with a finite-sum representation. Therefore, using the bounds for 
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the incomplete gamma function given in [83, eq.(4.1)], the CDF of 𝛾̅𝐷𝐹 can be further simplified 

to   

𝐹𝛾𝐷𝐹
(𝛾̅) ≈ [1 − (1 − 𝐴) (1 −

𝛽𝑚𝛾̅
𝑚
𝑛

𝑚Γ(𝑚)
𝑒−

𝑚
𝑚+1

𝛽𝛾
1
𝑛
)]

𝑁

                               (2.23) 

 

Now, using the fact that exp  (−𝑥) = 𝐺0,1
1,0(𝑥| −

0
), ∀𝑥 and the identity in [84, eq.(07.34.21.0088.01)], 

we get the MGF lower-bound given as 

  

Φ𝛾𝐷𝐹
(𝑠) ≈

√𝑛

(2𝜋)
𝑛−1
2

∑ ∑(−1)𝑘+𝑙 (
𝑁

𝑘
) (

𝑘

𝑙
) (1 − 𝐴)𝑘

𝑘

𝑙=0

𝑁

𝑘=0

(
𝛽𝑚

𝑚Γ(𝑚)
)

𝑙

 

× 𝑠−𝑚𝑙
𝑛 𝐺1,𝑛

𝑛,1 ((
𝑚𝑙𝛽

𝑛(𝑚 + 1)
)
𝑛

𝑠−1 | 
−

𝑚𝑙

𝑛
             

0, … ,
𝑛−1

𝑛
  
)                      (2.24)  

 

   Special Case: From (2.24) with the help of [84], we can reduce the G-function form to the case 

of double-Rayleigh  (𝑛 = 2) distribution, as      

 

               𝐺1,2
2,1 (𝑧 |

1 − 𝑎

0,
1

2
  ) =Γ(𝑎)Γ (𝑎 +

1

2
)𝑈 (𝑎,

1

2
, 𝑧)       

 

where  𝑈(. , . , . ) is Tricomi confluent hypergeometric function defined in [80, eq. (13.2.5)]. 

Substituting (24) into (2.22), replacing 𝜃 = 𝜋 2 ⁄  to evaluate the upper-bound symbol error rate for 

the S-DF relaying scheme, which can be expressed as 

 

𝑃(𝑒) ≤
𝑀 − 1

𝑀
Φ𝛾𝐷𝐹

(sin2(𝜋 𝑀⁄ ))                                              (2.25) 

  Asymptotic Analysis: From (2.23), we derive an asymptotic expression for the symbol error rate 

in the high SNR regime (i.e., 𝛾̅ ≫ 0), using the zeroth-order Taylor approximation (where 𝑒−𝑥 ≈

1  for 𝑥 sufficiently small), and after some algebraic manipulations, the SER of binary phase shift 

keying (BPSK) modulation is obtained as 
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𝑃(𝑒) ≤
1

2
∑ (

𝑁

𝑘
)𝐴𝑁−𝑘 (

(𝑚 Ω𝛾̅ 
1
𝑛⁄ )

𝑚

𝑚Γ(𝑚)
)

𝑘

Γ (1 +
𝑘𝑚

𝑛
)

𝑁

𝑘=0

                             (2.26) 

 

Notice that the diversity order can also be deduced from (2.26) as 𝑑 ≈ 𝑚𝑁/𝑛 when 𝑘 = 𝑁.  

 

2.3.3   Channel Capacity  

In this section, we investigate the asymptotic average channel capacity for the S-DF relaying 

scheme over i.i.d cascaded Rayleigh random variables. The average channel capacity for the S-DF 

relaying scheme is given as 

 

𝐶 =
𝐵𝑊 

2
∫ log2(1 + 𝛾̅𝐷𝐹)

∞

0

𝑓𝛾𝐷𝐹
(𝛾̅𝐷𝐹) 𝑑𝛾̅𝐷𝐹                                       (2.27) 

 

where BW [Hz] is the transmitted signal bandwidth. From (2.15), the PDF of  𝛾̅𝐷𝐹 over i.i.d 

n*Raleigh random variables can be expressed as  

 

            𝑓𝛾𝐷𝐹
(𝛾̅𝐷𝐹) ≈ 𝑁(1 − 𝐴)

𝛽𝑚𝛾̅
𝑚
𝑛

−1𝑒−𝛽𝛾
1
𝑛

𝑛Γ(𝑚)
[1 − (1 − 𝐴)

Γ (𝑚, 𝛽𝛾̅
1
𝑛)

Γ(𝑚)
]

𝑁−1

                     (2.28) 

To the best of our knowledge, the integral in (2.27) is intractable due to the complexity of finding 

a closed-form expression for the PDF (2.28) using a finite series since the fading parameter 𝑚 takes 

real values. Therefore, we derive the average channel capacity for the underlying scheme in the 

high-SNR regime (i.e, when 𝛾̅ → ∞). Using (2.28) with the help of the facts that Γ(𝑎, 𝑧) =

𝑧𝑎𝑒−𝑧 𝑈(1,1 + 𝑎, 𝑧) [85, eq. (8.5.3)], [80, eq. (13.5.6)], and [84, eq.(01.04.26.0003.01), 

eq.(07.34.21.0088.01)], the average channel capacity can be approximated as  

 

                               𝐶 ≈
𝑁𝑛𝑚−1

2

2 ln 2 (2𝜋)
𝑛−1
2 Γ(𝑚)

∑(−1)𝑘

𝑁−1

𝑘=0

(
𝑁 − 1

𝑘
)
(1 − 𝐴)𝑘+1

(𝑘 + 1)𝑚
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× 𝐺2+𝑛,2
1,2+𝑛 ((

𝑛

(𝑘 + 1)𝛽
)
𝑛

|
1−𝑚

𝑛
, … ,

𝑛−𝑚

𝑛
, 1, 1

 1, 0                  
)                            (2.29) 

 

 

Using the asymptotic expansion for the Meijer’s G-function presented in [84, eq. 

(07.34.06.0006.01)], an accurate simple approximation for (2.29) is obtained. 

 

2.3.4   Transmit Power Allocation Optimization 

In the context of IVC transmission, optimizing the power allocation among the source and the relays 

is critical to reduce the total transmit energy. Hence, in this section, we analyze the power allocation 

(PA) for the S-DF relaying scheme over cascaded Rayleigh fading channels when the links statistics 

(𝜆𝑠𝑖 , 𝜆𝑖𝑑) are available at the source and relay nodes instead of the instantaneous channel state 

information. By doing so, we can minimize the outage probability under the following total power 

constraint 𝑃𝑠 + 𝑃𝑟 ≤ 𝑃𝑇, where 𝑃𝑠 ≜ 𝐸𝑠 𝑁𝑜⁄  is the transmitted signal power from the source, 𝑃𝑟 ≜

𝐸𝑟 𝑁𝑜⁄  is the received signal power at the selected relay, and 𝑃𝑇 ≜ 𝐸𝑇 𝑁𝑜⁄  is the total transmit 

power, where 𝐸𝑇 = 𝐸𝑠 + 𝐸𝑟 is the total transmitted energy per symbol from the source and the 

selected relay. Here, we assume that each relay has a signal power equivalent to  𝑃𝑖 = 𝑃𝑟 , ∀ 𝑖 =

1, 2, . . , 𝑁; hence, the optimization problem can be formulated as follows 

 

 min
𝑃𝑠,𝑃𝑟

∏

[
 
 
 
 

1 −

Γ(𝑚𝑠𝑖, 𝛼𝑖𝛾̅𝑜

1
𝑛𝑠𝑖)Γ (𝑚𝑖𝑑 , 𝛽𝑖𝛾̅𝑜

1
𝑛𝑖𝑑)

Γ(𝑚𝑠𝑖)Γ(𝑚𝑖𝑑)

]
 
 
 
 𝑁

𝑖=1

 

 

        subject to   𝑃𝑠 + 𝑃𝑟 ≤ 𝑃𝑇  and    𝑃𝑠 , 𝑃𝑟 ≥ 0                                     (2.30) 

 

where 𝛾̅ 𝑠𝑖 =   𝑃𝑠 𝜆𝑠𝑖,   𝛾̅ 𝑖𝑑 = 𝑃𝑟𝜆𝑖𝑑. The convex problem above can be expressed as 

 
 

ℒ(𝑃𝑠, 𝑃𝑟 , 𝜉) = ∏

[
 
 
 
 

1 −

Γ(𝑚𝑠𝑖, 𝛼𝑖𝛾̅𝑜

1
𝑛𝑠𝑖)Γ (𝑚𝑖𝑑 , 𝛽𝑖𝛾̅𝑜

1
𝑛𝑖𝑑)

Γ(𝑚𝑠𝑖)Γ(𝑚𝑖𝑑)

]
 
 
 
 

+ 𝜉(𝑃𝑠 + 𝑃𝑟 − 𝑃𝑇)                (2.31)

𝑁

𝑖=1

 

 

where 𝜉  is a Lagrange multiplier. Taking the derivative of  (2.31) with respect to 𝑃𝑠  and  𝑃𝑟 and 
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setting both 
𝜕ℒ

𝜕𝑃𝑠
 and 

𝜕ℒ

𝜕𝑃𝑟
 to zero, we obtain 

𝑃𝑠 ≈ ∑

𝑃𝑜𝑢𝑡𝜇𝑖 (𝛼𝑖𝛾̅𝑜

1
𝑛𝑠𝑖)

𝑚𝑠𝑖

𝑒−𝛼𝑖𝛾𝑜

1
𝑛𝑠𝑖

𝑛𝑠𝑖Γ(𝑚𝑠𝑖)(1 − 𝜇𝑖𝜔𝑖)𝜉

𝑁

𝑖=1

                                            (2.32) 

 

𝑃𝑟  ≈ ∑

𝑃𝑜𝑢𝑡𝜔𝑖 (𝛽𝑖𝛾̅𝑜

1
𝑛𝑖𝑑)

𝑚𝑖𝑑

𝑒−𝛽𝑖𝛾𝑜

1
𝑛𝑖𝑑

𝑛𝑖𝑑Γ(𝑚𝑖𝑑)(1 − 𝜇𝑖𝜔𝑖)𝜉

𝑁

𝑖=1

                                          (2.33) 

where 

𝜔𝑖 = Γ(𝑚𝑖𝑑, 𝛽𝑖𝛾̅𝑜

1

𝑛𝑖𝑑) Γ(𝑚𝑠𝑖)⁄ , 𝜇𝑖 = Γ(𝑚𝑖𝑑, 𝛽𝑖𝛾̅𝑜

1

𝑛𝑖𝑑) Γ(𝑚𝑖𝑑)⁄ . Replacing (2.33) into (2.32), and 

setting  𝑃𝑟 = 𝑃𝑇 − 𝑃𝑠, the approximate power allocation for  𝑃𝑠 can be written in the following 

form   

𝑃𝑠 ≈ 𝑃𝑇

[
 
 
 
 ∑ 𝜔𝑖𝜂𝑖 (𝛽𝑖𝛾̅𝑜

1
𝑛𝑖𝑑)

𝑚𝑖𝑑

𝑒−𝛽𝑖𝛾𝑜

1
𝑛𝑖𝑑   𝑁

𝑖=1

∑ 𝜇𝑖𝜃𝑖 (𝛼𝑖𝛾̅𝑜

1
𝑛𝑠𝑖)

𝑚𝑠𝑖

𝑒−𝛼𝑖𝛾𝑜

1
𝑛𝑠𝑖    𝑁

𝑖=1

+ 1

]
 
 
 
 
−1

                                      (2.34) 

where      

𝜂𝑖 = 1/𝑛𝑖𝑑Γ(𝑚𝑖𝑑)(1 − 𝜔𝑖𝜇𝑖), 𝜃𝑖 = 1/𝑛𝑠𝑖Γ(𝑚𝑠𝑖)(1 − 𝜔𝑖𝜇𝑖).    

 

Note that (2.34) is a transcendental function and it is challenging to find a closed-form for the 

source power. Thus, we calculate it numerically using a root-finding algorithm such as Bisection, 

Newton or successive numeric approximation methods. At this stage, given the total power 

constraint, the source and the selected relay power can be set as  𝑃𝑠 = 𝜌𝑃𝑇 and 𝑃𝑟 =

(1 − 𝜌)𝑃𝑇 , respectively, where  𝜌 is referred as the power allocation ratio (𝜌 ∈ (0, 1)), which is 

calculated from (2.34) using the following successive approximation algorithm [86, section 14.1]  

 

 𝜌(𝑡+1) ≈ [
∑ 𝜔𝑖𝜂𝑖(𝑋𝑖𝑑

(𝑡))
𝑚𝑖𝑑

𝑒−𝑋𝑖𝑑
(𝑡)

   𝑁
𝑖=1

∑ 𝜇𝑖
𝑁
𝑖=1 𝜃𝑖(𝑋𝑠𝑖

(𝑡))
𝑚𝑠𝑖

𝑒−𝑋𝑠𝑖
(𝑡)       

+ 1]

−1

                                 (2.35) 

where 

                                         𝑋𝑠𝑖
(𝑡) =

𝑚𝑠𝑖

Ω𝑠𝑖
( 𝛾𝑜

 𝜆𝑠𝑖𝜌
(𝑡)𝑃𝑇

)
1

𝑛𝑠𝑖, 𝑋𝑖𝑑
(𝑡) =

𝑚𝑖𝑑

Ω𝑖𝑑
( 𝛾𝑜

 𝜆𝑖𝑑(1−𝜌(𝑡))𝑃𝑇
)

1
𝑛𝑖𝑑
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As a result, the minimum outage probability can be expressed in terms of the total transmitted 

power 𝑃𝑇 as 

             𝑃𝑜𝑢𝑡 ≈ ∏

[
 
 
 
 

1 −

Γ(𝑚𝑠𝑖 ,
𝑚𝑠𝑖
Ω𝑠𝑖

(
𝛾̅𝑜

𝜆𝑠𝑖𝜌 𝑃𝑇
)
1 𝑛𝑠𝑖⁄

)

Γ(𝑚𝑠𝑖)

Γ (𝑚𝑖𝑑 ,
𝑚𝑖𝑑
Ω𝑖𝑑

(
𝛾̅𝑜

𝜆𝑖𝑑  (1 − 𝜌)𝑃𝑇
)
1 𝑛𝑖𝑑⁄

)

Γ(𝑚𝑖𝑑)

]
 
 
 
 

                (2.36)

𝑁

𝑖=1

 

                               

Asymptotic Solution: a simple asymptotic solution for (2.34) can be found by using the fact that 

[13, eq.(8.356.2] 

𝑥𝛼𝑒−𝑥 = Γ(𝛼 + 1, 𝑥) − 𝛼Γ(𝛼, 𝑥) 

 

and by noting that Γ(𝛼 + 1, 𝑥) ≤ 𝛼Γ(𝛼), which is a tight bound for 𝑥 sufficiently small. In this 

case, the optimization problem can be rewritten in a simple compact form as  

 

𝑃𝑠 ≈ 𝑃𝑇 [
∑ (𝑚𝑖𝑑 𝑛𝑖𝑑⁄ )𝑁

𝑖=1

∑ (𝑚𝑠𝑖 𝑛𝑠𝑖⁄ )𝑁
𝑖=1

+ 1]

−1

                                                  (2.37) 

 

From (2.37), it can be seen that the power allocation for the source depends only on the fading 

severity parameters, regardless of the channel statistics (𝜆𝑠𝑖, 𝜆𝑖𝑑).  

 

2.4   Numerical Results  

In this section, we present numerical and simulation results for the investigated S-DF relaying 

scheme. In particular, we evaluate the outage probability 𝑃𝑜𝑢𝑡 given by (2.16), for 𝛾̅𝑜 = 3, and 

study the achievable diversity order (𝑑), the average SER (2.25) for 16-PSK, and the average 

channel capacity (2.29). Furthermore, we analyze the outage probability with power allocation. 

    Fig.2-2 shows the approximate outage probability over cascaded Rayleigh fading channels (𝑛 =

2, 3, 4, 5) with different values of cooperating nodes 𝑁. From Fig.2-2, there is an excellent match 

between the analytical and simulation results. In addition, we observe that 𝑃𝑜𝑢𝑡 for the S-DF 

relaying scheme degrades for larger (𝑛) in comparison to double Rayleigh fading. Specifically, 

at  𝑃𝑜𝑢𝑡 = 0.02 and  𝑁 =  3, a performance loss of 4.65, 8.80, 12.50 dB is observed for 𝑛 =  3, 4, 

and 5, respectively. Moreover, it is noticed that increasing the number of cooperating nodes (𝑁) 
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                 Fig.2-2. Outage probability for the S-DF relaying scheme over cascaded Rayleigh fading channels 

 

improves the system performance for cascaded Rayleigh fading channels, in which the outage 

probability is minimized by increasing the number of cooperating partners. 

    Fig.2-3. depicts the diversity order over Rayleigh and cascaded Rayleigh fading channels, 

assuming 𝑁 = 2 and 4. As it can be observed, the full diversity order for the Rayleigh fading 

channel model approaches 𝑁 as SNR tends to infinity, while the diversity order for cascaded 

Rayleigh fading channels decreases linearly with increasing (𝑛) to reach an asymptotic value 

equivalent to  𝑚𝑁 𝑛⁄ , confirming our analytical results.  

     Fig.2-4. shows the average SER for 16-PSK modulation type over cascaded Rayleigh fading 

channels, and compares the analytical results (i.e., (2.15)) with the proposed bound counterpart 

(2.23). Fig.2-4. demonstrates that the SER improves as 𝑛 decreases, since the diversity gain (𝑑 ≈

𝑚𝑁 𝑛⁄ ) increases as 𝑛 decreases. Moreover, the slopes of the analytical SER   performance curves 

match very well with the lower bound curves over all SNR values and the tightness is improved in 

the high SNR regime, which confirms that our proposed bound is tight. Moreover, the lower the 

value of 𝑛 is, the tighter the proposed bound will be. 

    In Fig.2-5, the average channel capacity over cascaded Rayleigh distribution is investigated in 

the high SNR regime. We observe that the double Rayleigh channel outperforms the cascaded 
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Fig.2-3. Effective diversity order for the S-DF relaying scheme over Rayleigh and 

cascaded Rayleigh fading channels. 

 

Rayleigh fading channels due to the fact that the maximum data rate of communication over 𝑛 = 2 

can be attained with a smaller error probability compared to 𝑛 = 3, 4, and 5. Additionally, there is 

a comparable decrease in channel capacity among n*Rayleigh fading channels. For instance, 

at  𝑃 𝑁𝑜 = 15⁄  dB, the underlying scheme with double Rayleigh fading achieves about 3bps/Hz, 

whereas a power loss of 20, 25, 30 dB is observed for 𝑛 =  3, 4, and 5 respectively to achieve the 

same capacity gain, so double Rayleigh fading channels save about four orders of magnitude of 

power compared to 𝑛 = 5. 

    In Fig.2-6, we evaluate the impact of power allocation mode on the S-DF relaying scheme over 

cascaded Rayleigh fading channels. Two transmission modes are compared: the PA is our proposed 

mode under statistical CSI, and the equal power allocation (EPA) where the total transmitted power 

𝑃𝑇 is divided equally between the source and the selected relay (𝑃𝑠 = 𝑃𝑟 = 𝑃𝑇 2⁄ ). We assume that 

the channel quality between the selected relay and the destination is much better than that between 

the source and the selected relay (i.e,  𝜆𝑠𝑟 = 1,  𝜆𝑟𝑑 = 10). As observed from Fig.2-6, the PA mode 

has an advantage over the EPA mode by reducing the outage probability. This is mainly because 

approximation algorithm the PA mode devotes larger power to the weaker link to reduce the overall 

outage probability. In this case, the power allocation ratio  𝜌 = 𝑃𝑠 𝑃𝑇⁄    is evaluated from (2.35) 

using the successive, which turns out to be, 𝜌 ≈ 0.757, 0.629, 0.534  and 0.462 for 𝑛 = 1, 2, 3  
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        Fig.2-4. SER for the S-DF relaying scheme over cascaded Rayleigh fading channels 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2-5. Average channel capacity for the S-DF relaying scheme over cascaded 

Rayleigh fading channels 

 

and 4 respectively. It should be noted here that the power allocation ratio converges to 0.5 when 𝑛 

increases, which means that no optimization is required for power when 𝑛 ≥ 4. In this case, the 

EPA mode is used instead of the PA mode to achieve the minimum outage probability. 
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Fig.2-6. Effect of the PA and EPA modes on the outage performance of the S-DF 

relaying scheme over Rayleigh and cascaded Rayleigh fading 

 

2.5   Conclusion 

In this paper, we derived an end-to-end performance analysis of the selective-DF relaying scheme 

over cascaded Rayleigh fading channels. Specifically, we derived novel closed-form expressions 

for the outage probability, the symbol error probability, and the average channel capacity. Our 

analysis and numerical results have shown that the maximum achievable diversity order 

is  (≈ 𝑚𝑁 𝑛⁄ ). Furthermore, our results confirm that transmit power allocation optimization is 

required for IVC systems when the cascading order  𝑛 < 4. 
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Abstract 

We investigate the performance of an amplify-and-forward dual-hop cooperative vehicular 

network with relay selection. We assume a generalized fading channel model, known as cascaded 

Rayleigh (n*Rayleigh), which involves the product of n independent Rayleigh random variables. 

This channel model provides a realistic description of intervehicular communications, in contrast 
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to the conventional Rayleigh fading assumption, which is more suitable for cellular systems. We 

derive a closed-form expression for the end-to-end outage probability with best relay selection over 

identical and non-identical n*Rayleigh fading channels. In addition, we analyze the investigated 

symbol error rate for the scenario. Numerical results demonstrate that our best relay selection 

strategy achieves an asymptotic diversity order of (𝑚𝑁/𝑛), where 𝑁 is the number of relays and 

𝑚 is a cascaded Rayleigh fading parameter. 

Index Terms: Cooperative diversity, intervehicular networks, outage performance, cascaded 

Rayleigh fading channels, relay selection. 

 

3.1   Introduction  

The design of intervehicular communications (IVC) systems is very challenging and existing 

solutions, for example, from cellular and ad-hoc networks may not be applicable, which is mainly 

due to the dynamic nature of wireless links and the involved mobility patterns. New research efforts 

at different levels are needed, including at the physical layer level, which is the aim of this Letter. 

   In IVC systems, both the transmitter and receiver are in motion and typically use the same 

antenna height, resulting in two or more independent Rayleigh fading processes, generated by 

independent groups of scatterers around the two mobile terminals [10]. A generalized channel 

model called n*Nakagami was proposed in [31], based on the product of n Nakagami-m random 

variables, which provided a realistic description for the IVC channel model.     

  To understand the full potential of cooperative diversity in IVC, an in-depth analysis of the system 

performance under a realistic channel model is required. Towards this end, unlike the earlier works 

in this area, we consider the generalized fading channel model, i.e., the “n*Rayleigh” model [28].  

   There have been some recent works on cooperative diversity in the context of IVC networks. 

However, all reported results have mainly focused on double-Rayleigh/Nakagami fading channels 

(i.e., 𝑛 = 2). For example, in [16], the authors investigated a cooperative diversity system with 

relay selection over double Rayleigh fading channels. They demonstrated that the maximum 

achievable diversity order is equal to the number of relays. The authors in [36] studied the symbol 

error rate (SER) performance of a two-way relay network over cascaded Nakagami fading. The 
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results showed that the improvement in outage performance is diminished by increasing the 

cascading order (𝑛).  

To the best of our knowledge, cooperative IVC systems with relay selection over cascaded 

Rayleigh distribution (i. e, 𝑛 > 2) have not been studied yet. Hence, it is the aim of this work to 

fill this research gap. Specifically, we derive approximate closed-form expressions for the outage 

probability over identical and non-identical n*Rayleigh fading channels. Moreover, we derive a 

lower-bound expression for the moment generating function (MGF), which is used for computing 

the SER of M-ary phase shift keying (M-PSK) modulation type.  

  

3.2   System Model 

In this letter, we consider a dual-hop cooperative IVC system with multiple relays, in which a 

source (𝑠), relays 𝑟𝑖 (𝑖 = 1, 2, … ,𝑁)  and a destination  (𝑑)  operate in half-duplex mode and are 

equipped with a single pair of transmit and receive antennas. For each time instant, only one vehicle 

acts as a source, while the other vehicles serve as relays that help forward the source’s message to 

its destination node. All underlying channels between 𝑠 → 𝑟𝑖 and 𝑟𝑖 → 𝑑 links are modeled by a 

product of 𝑛 independent circularly-symmetric complex Gaussian random variables, each of which 

can be defined as ℎ𝑠𝑖 ≜ ∏ ℎ𝑠𝑖,𝑘
𝑛
𝑘=1 , ℎ𝑖𝑑 ≜ ∏ ℎ𝑖𝑑,𝑘

𝑛
𝑘=1  with zero mean and channel variance of (𝜆𝑠𝑖) 

and (𝜆𝑖𝑑) respectively, for 𝑖 = 1, 2, … ,𝑁 and 𝑘 = 1, 2, … , 𝑛. Therefore, |ℎ𝑠𝑖| and  |ℎ𝑖𝑑|  follow a 

cascaded Rayleigh distribution. In this system model, we assume that all underlying channels are 

quasi-static which can be justified for IVC scenarios in rush-hour traffic. We further assume that 

the additive white Gaussian noise (AWGN) at all relays and the destination node have zero mean 

and variance (𝑁𝑜). Both links between (𝑠 → 𝑟𝑖) and (𝑟𝑖 → 𝑑) are subject to n*Rayleigh fading and 

are represented by accurate approximations for the probability density function (PDF) of 

instantaneous SNR (𝛾̅𝑠𝑖, 𝛾̅𝑖𝑑) given by [15] with the help of [14, eq.(2.3)] 

 

    𝑓𝛾𝑠𝑖
(𝛾̅) ≈

𝛽𝑠𝑖
𝑚𝑠𝑖

𝑛𝑠𝑖Γ(𝑚𝑠𝑖)
𝛾̅𝛼𝑠𝑖−1exp(−𝛽𝑠𝑖𝛾̅

1
𝑛𝑠𝑖) ,       𝛾̅ ≥ 0                                  (3.1) 

                                                                                               

      𝑓𝛾𝑖𝑑
(𝛾̅) ≈

𝛽𝑖𝑑
𝑚𝑖𝑑

𝑛𝑖𝑑Γ(𝑚𝑖𝑑)
𝛾̅𝛼𝑖𝑑−1 exp(−𝛽𝑖𝑑𝛾̅

1
𝑛𝑖𝑑) ,      𝛾̅ ≥ 0                               (3.2) 
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where  𝛽𝑠𝑖 = 2𝑚𝑠𝑖 (⁄ Ω𝑠𝑖𝛾̅ 𝑠𝑖
1

𝑛𝑠𝑖),   𝛽𝑖𝑑 = 2𝑚𝑖𝑑 (⁄ Ω𝑖𝑑𝛾̅ 𝑖𝑑
1

𝑛𝑖𝑑),   𝛼𝑠𝑖 = 𝑚𝑠𝑖 𝑛𝑠𝑖⁄  and 𝛼𝑖𝑑 = 𝑚𝑖𝑑 𝑛𝑖𝑑⁄ . 

The n*Rayleigh fading parameters (𝑚𝑠𝑖, 𝑚𝑖𝑑, Ω𝑠𝑖 , Ω𝑖𝑑) are given in [15], and the instantaneous 

SNRs of 𝛾̅𝑠𝑖  and 𝛾̅𝑖𝑑 are independent (but not necessarily identically distributed) random variables 

with means defined, respectively, as   𝛾̅ 𝑠𝑖 = 𝐄(|ℎ𝑠𝑖|
2) 𝑃 𝑁𝑜⁄  and 𝛾̅ 𝑖𝑑 = 𝐄(|ℎ𝑖𝑑|2) 𝑃 𝑁𝑜⁄ , where 

𝐄(. ) is the statistical expectation operator, and 𝑃 is the transmitted signal power. 

   In our selection scheme, two transmission phases are implemented, assuming the amplify-and-

forward (AF) protocol. In the first phase, the source sends its codeword 𝑥(𝑡) to the relays and the 

received signal can be expressed as 𝑦𝑠𝑖(𝑡) = ℎ𝑠𝑖√𝑃𝑥(𝑡) + 𝑤𝑖(𝑡), where  𝑤𝑖(𝑡) is the AWGN at 

the relay node. In the second phase, only the selected relay with the maximum effective SNR is 

chosen to forward the amplified received signal  𝑥𝑟(𝑡)  to the destination with a normalized 

channel gain  𝐺 = √𝑃 (𝑃|ℎ𝑠𝑟|2 + 𝑁𝑜)⁄ . In this case, the received signal at the destination node 

can be expressed as  𝑦𝑟𝑑(𝑡) = ℎ𝑟𝑑√𝑃𝑥𝑟(𝑡) + 𝑤𝑑(𝑡), where  𝑥𝑟(𝑡)  = 𝐺𝑦𝑠𝑟(𝑡) and 𝑤𝑑(𝑡) is the 

AWGN at the destination. Therefore, the effective end-to-end instantaneous SNR for the selected 

relay, can be written as [115] 

                               𝛾̅𝐴𝐹 = max
𝑖∈𝑁

 
𝛾𝑠𝑖 𝛾𝑖𝑑

𝛾𝑠𝑖+𝛾𝑖𝑑
                                                             (3.3) 

Using the definition of the harmonic mean of two random variables, which is given as 𝜇𝐻(𝑋1, 𝑋2) =

2𝑋1𝑋2/(𝑋1 + 𝑋2), (3.3) can be rewritten as 

                           𝛾̅𝐴𝐹 = max
𝑖∈𝑁

{𝛾̅𝑡𝑖}                                                              (3.4) 

where 𝛾̅𝑡𝑖 = 𝜇𝐻(𝛾̅𝑠𝑖, 𝛾̅𝑖𝑑)/2, is the harmonic mean of two random variables. However, it is 

worthwhile to note that the derivation of the outage probability over n*Rayleigh fading which is 

based on (3.3) does not lend itself to a closed-form solution. Thus, to simplify the analysis, the 

instantaneous end-to-end SNR can be upper bounded as follows [88] 

 

𝛾̅𝐴𝐹 ≤ 𝛾̅𝑢𝑏 = max
𝑖∈𝑁

 min{𝛾̅𝑠𝑖 , 𝛾̅𝑖𝑑}                                               (3.5) 

It can be shown that the SNR upper-bound given by (3.5) is analytically tractable, and has been 

shown to be quite tight at medium-high SNR levels. 
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3.3    Derivation of PDF and CDF for the Harmonic SNR 

To find the approximate PDF and the cumulative distribution function (CDF) of the harmonic 

SNR  𝛾̅𝑡 = 𝛾̅𝑠𝑟𝛾̅𝑟𝑑 (𝛾̅𝑠𝑟 + 𝛾̅𝑟𝑑)⁄  when the average links SNR (𝛾̅𝑠𝑖 , 𝛾̅𝑖𝑑) are i.i.d random variables, 

we first introduce the following proposition: 

   Proposition: Suppose 𝑌1 and 𝑌2 are two i.i.d. gamma RVs, defined as 𝑌1 = 𝑋1

1
𝑛 and 𝑌2 = 𝑋2

1
𝑛 

with parameters 𝑛𝛼 > 0 and 𝛽 > 0 (i.e., 𝑌𝑖~𝒢(𝑛𝛼, 𝛽), 𝑖 = 1, 2  and 𝑛 ∈ ℕ+), the PDF and CDF 

of the harmonic mean of two gamma RVs, 𝑌 = 𝜇𝐻(𝑌1, 𝑌2), can be respectively expressed as  

 

 𝑓𝑌(𝑦) =
√𝜋𝛽𝑛𝛼

Γ2(𝑛𝛼)
(
𝑦

2
)
𝑛𝛼−1

𝑒−2𝛽𝑦𝑈(
1

2
− 𝑛𝛼, 1 − 𝑛𝛼; 2𝛽𝑦)                                  (3.6) 

and 

𝐹𝑌(𝑦) =
√𝜋𝛽  𝑦 

22(𝑛𝛼−1)Γ2(𝑛𝛼)
𝐺2,3

2,1 (2𝛽𝑦 |
 0, 𝑛𝛼 −

1

2
                        

𝑛𝛼 − 1, 2𝑛𝛼 − 1,−1 
)                         (3.7) 

 

where 𝑈(∙,∙; ∙)  is the confluent hypergeometric function defined in [80, eq. (13.2.5)], and  𝐺𝑝,𝑞
𝑚,𝑛(∙) 

is the Meijer-G function defined in [13, eq. (9.301)]. 

    Proof: Following a procedure similar to that in [89], (3.6) and (3.7) can be proven.   

Using (3.6) with the help of the fact that [13, eq. (7.621.6)], 

 

 ∫ 𝑡𝑏−1𝑈(𝑎, 𝑐; 𝑡) 𝑒−𝑠𝑡𝑑𝑡
∞

0

=
Γ(𝑏)Γ(𝑏 − 𝑐 + 1)

Γ(𝑎 + 𝑏 − 𝑐 + 1)
𝑠−𝑏 

× 𝐹1(𝑎, 𝑏; 𝑎 + 𝑏 − 𝑐 + 1; 1 − 𝑠−1)                              2 (3.8) 

where 𝐹1(. , . ; . ; . ) 2  is Gauss hypergeometric function defined in [80, eq. (15.1.1)], the n-th 

moment of 𝑌 can be evaluated as 

 

                             𝐄(𝑌𝑛) =
√𝜋 𝛽𝑛𝛼−1  Γ(𝑛𝛼 + 𝑛)Γ(2𝑛𝛼 + 𝑛)

2𝑛𝛼 Γ2(𝑛𝛼)Γ(𝑛𝛼 + 𝑛 + 1
2
)

                                             (3.9) 

 

Notice that the Gauss hypergeometric function of (3.8) reduces to one when the last argument is 

equal to zero. Using the transformation of variables 𝑓𝑈(𝑢) = 2𝑓𝑌(2𝑦) and 𝐹𝑈(𝑢) = 𝐹𝑌(2𝑦), where 
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𝑈 = 𝛾̅1 𝑛⁄ , and since the RV 𝛾̅ is a one-to-one continuous monotonically increasing function, from 

(6) and (7), with 𝛼 = 𝑚 𝑛⁄ , and 𝛽 = 2𝑚 (⁄ Ω𝛾̅ 1/𝑛), the PDF and CDF of the harmonic SNR  𝛾̅𝑡  can 

easily be found with the help of [90, Sec. 5.1, Sec. 5.2], yielding 

 

  𝑓 𝛾𝑡
(𝛾̅) ≈

2√𝜋 (
𝑚

Ω𝛾̅ 
1
𝑛

)

𝑚

𝑛Γ2(𝑚)
𝛾̅

𝑚
𝑛

−1𝑒
−4

𝑚
Ω

(
𝛾
𝛾̅
)
1 𝑛⁄

𝑈 (
1

2
− 𝑚, 1 − 𝑚, 4

𝑚

Ω
(
𝛾̅

𝛾̅ 
)
1 𝑛⁄

)                 (3.10) 

          

and 

𝐹 𝛾𝑡
(𝛾̅) ≈

√𝜋
𝑚
Ω

(𝛾̅ 𝛾̅ ⁄ )1 𝑛⁄  

22𝑚−3Γ2(𝑚)
𝐺2,3

2,1 (4
𝑚

Ω
(
𝛾̅

𝛾̅ 
)
1 𝑛⁄

|
0,𝑚 −

1

2
                   

𝑚 − 1, 2𝑚 − 1,−1
)                       (3.11) 

 

where  𝛾̅ = 𝐄(|ℎ|2)𝑃 𝑁𝑜 ,⁄  λ = 𝐄(|ℎ|2), SNR = 𝑃 𝑁𝑜⁄ . Using (3.9) with 𝛼 = 𝑚 𝑛⁄  and  𝛽 =

2𝑚 (⁄ Ω𝛾̅ 1/𝑛), in addition to the fact that Γ(2𝛼) = 22𝛼−1
2Γ(𝛼)Γ(𝛼 + 1

2
) [80, eq. (6.1.18)], and [90, 

Sec.5.3], we obtain the approximate average SNR  𝛾̅ 𝑡 as 

 

𝛾̅ 𝑡 ≈
22𝑚−1(𝑚 Ω⁄ )𝑚−1(𝑚)𝑛(2𝑚)𝑛

(𝑚 + 1
2
)
𝑛

 𝛾̅ 
1−𝑚

𝑛                                             (3.12) 

where     (𝑥)𝑛 = Γ(𝑥 + 𝑛) Γ(𝑥)⁄  

 

3.4   Performance Analysis 

3.4.1  Outage Probability 

The outage probability of 𝑃𝑜𝑢𝑡 ≜ 𝐹𝛾𝐴𝐹
(𝛾̅𝑜) channel is defined as the probability that the maximum 

SNR (𝛾̅𝑡𝑖)  falls below a certain threshold (𝛾̅𝑜 = 22𝑅 − 1), namely 

 

   𝑃𝑜𝑢𝑡 = Pr (max
𝑖∈𝑁

{𝛾̅𝑡𝑖} ≤ 𝛾̅𝑜)                                                  (3.13) 
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Therefore, in case of i.i.d random variables (i.e., 𝛾̅𝑡𝑖 = 𝛾̅𝑡), the approximate expression for the 

outage probability can be obtained using (3.11) as  

 

𝑃𝑜𝑢𝑡 = [𝐹𝛾𝑡
(𝛾̅𝑜)]

𝑁
                                                        (3.14) 

In addition, at high SNR levels (i.e., when 𝛾̅ ≫ 0), we can apply (3.10) instead of (3.11) to simplify 

the analysis of the maximum diversity order (𝑑) achievable over cascaded Rayleigh fading 

channels, using the facts that [80, eq. (13.5.12)] 

 

         𝑈(𝑎, 𝑏, 𝑥) =
Γ(1 − 𝑏)

Γ(1 + 𝑎 − 𝑏)
+ 𝒪(|𝑥|), |𝑥|  → 0   

and ∫ 𝑥𝑣−1 exp(−𝜇𝑥)𝑑𝑥
𝑢

0
= 𝜇−𝑣γ(𝑣, 𝜇𝑢)   [13, eq.(3.381.1)],where  γ(𝛼, 𝑥) = ∫ 𝑒−𝑡𝑡𝛼−1 𝑑𝑡  

𝑥

0
 is 

defined as the lower incomplete gamma function [9]. This leads us to rewrite the outage probability 

in an asymptotic form as 

 

𝑃𝑜𝑢𝑡 ≈ [
1

22𝑚−1
(

γ(𝑚, 4
𝑚
Ω (

𝛾̅𝑜

𝛾̅ )
1 𝑛⁄

)

Γ(𝑚)
)]

𝑁

                                              (3.15) 

As a result, we rewrite (3.15) in the asymptotic form based-on the facts [80, eq.(6.5.12) and 

(13.5.5)], as follows 

𝑃𝑜𝑢𝑡 ≈ (
22𝑚−1(8𝑚 Ω⁄ )𝑚

𝑚 Γ(𝑚)𝜆
𝑚
𝑛

)

𝑁

(
𝛾̅𝑜

SNR
)

𝑚𝑁
𝑛

+ 𝒪 ((
𝛾̅𝑜

SNR
)

𝑚𝑁
𝑛

+1

)                          (3.16) 

Now, it can be deduced from (3.16) that the maximum achievable diversity order for the cascaded 

Rayleigh distribution is 𝑑 ≈ 𝑚𝑁 𝑛⁄ . 

  For the case of i.n.i.d random variables, we use (3.5) to derive an approximate outage probability 

expression as follows 

 

           𝑃𝑜𝑢𝑡 = Pr (max
𝑖∈𝑁

{min {𝛾̅𝑠𝑖, 𝛾̅𝑖𝑑} ≤ 𝛾̅𝑜)                   
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                     = ∏[1 − Pr(𝛾̅𝑠𝑖 > 𝛾̅𝑜) Pr(𝛾̅𝑖𝑑 > 𝛾̅𝑜)]

𝑁

𝑖=1

       

Finally, the approximate outage probability of the selective AF-relaying scheme can be expressed 

as 

 𝑃𝑜𝑢𝑡 ≈ ∏[1 − Γ(𝑚𝑠𝑖,
𝑚𝑠𝑖

Ω𝑠𝑖
(

𝛾̅𝑜

𝜆𝑠𝑖SNR
)
1 𝑛𝑠𝑖⁄

)Γ(𝑚𝑖𝑑 ,
𝑚𝑖𝑑

Ω𝑖𝑑
(

𝛾̅𝑜

𝜆𝑖𝑑SNR
)
1 𝑛𝑖𝑑⁄

) (Γ(𝑚𝑠𝑖)Γ(𝑚𝑖𝑑))⁄ ]       (3.17)

𝑁

𝑖=1

 

 

where 𝜆𝑠𝑖 = 𝐄(|ℎ𝑠𝑖|
2), 𝜆𝑖𝑑 = 𝐄(|ℎ𝑖𝑑|2).  

 

3.4.2    Average Symbol Error Rate  

In this subsection, we derive the average SER expression for M-PSK modulation using the MGF 

approach. Due to (3.5), the average SER expression is indeed a lower bound on the average SER 

given by [14] 

𝑃(𝑒) =
1

𝜋
∫ Φ𝛾𝐴𝐹

(
sin2(𝜋 𝑀⁄ )

sin2 𝜃
)

𝜋−𝜋
M

0

𝑑𝜃                                                      (3.18) 

where Φ𝛾𝐴𝐹
(∙) is the MGF of the effective SNR received by the where Φ𝛾𝐴𝐹

(∙) is the MGF of the 

effective SNR received by the destination, given by  Φ𝛾𝐴𝐹
(𝑠) = 𝑠ℒ{𝑃𝑜𝑢𝑡|𝛾𝑜=𝛾; 𝑠}, where ℒ(. ; . ) 

denotes the Laplace Transform. To the best of our knowledge, finding a closed-form expression 

for the SER-based (3.14) is highly complex due to the Meijer G-function. For this reason, we 

invoke (3.17) to evaluate the SER over i.i.d n*Rayleigh random variables. Since the fading severity 

parameter 𝑚 in (3.17) is real-valued, it is challenging to find a closed-form expression for the 

MGF of  𝛾̅𝐴𝐹 with a finite-sum representation. Therefore, for simplicity we use the bounds for the 

incomplete gamma function given in [84, eq.(4.1)] and the fact that γ(𝛼, 𝑥) + Γ(𝛼, 𝑥) = Γ(𝛼), to 

approximate (3.17) as  

𝑃𝑜𝑢𝑡 ≈ [1 − (1 −
𝛽𝑚𝛾̅𝑜

𝛼

𝑚Γ(𝑚)
𝑒−

𝑚
𝑚+1

𝛽𝛾𝑜

1
𝑛
)

2

]

𝑁

                                       (3.19) 
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Now, using the fact that 𝑒−𝑥 = 𝐺0,1
1,0(𝑥| −

0
), ∀𝑥 and the useful identity defined in [85, 

eq.(07.34.21.0088.01)], the MGF lower-bound can be derived as  

                          Φ𝛾𝐴𝐹
(𝑠) ≈ ∑(−1)𝑖 (

𝑁

𝑖
)

𝑁

𝑖=0

(
𝛽𝑚

𝑚Γ(𝑚)
)

𝑖+𝑁

2𝑁−𝑖√𝑛𝑠−𝛼(𝑖+𝑁)

(2𝜋)
𝑛−1
2

 

× 𝐺1,𝑛
𝑛,1 ((

𝑚(𝑖 + 𝑁)𝛽

𝑛(𝑚 + 1)
)

𝑛

𝑠−1 | 
−𝛼(𝑖+𝑁)     

 0, … ,
𝑛−1

𝑛
 )                              (3.20) 

Substituting (3.20) into (3.18), and replacing 𝜃 = 𝜋 2 ⁄ , we can bound the average SER as 𝑃(𝑒) ≤

𝑀−1

𝑀
Φ𝛾𝐴𝐹

(sin2(𝜋 𝑀⁄ )). 

   Asymptotic Analysis: To gain further insight into the performance over cascaded Rayleigh fading 

channels, we present an asymptotic analysis for the symbol error rate which provides the achievable 

diversity order of the underlying scheme. Thus, in the high-SNR regime (i.e., 𝛾̅ ≫ 0), we apply the 

zeroth-order Taylor approximation to (3.19) (where 𝑒−𝑥 ≈ 1 for 𝑥 sufficiently small), and after 

some algebraic manipulations, the SER of binary phase shift keying (BPSK) modulation can be 

obtained in a simple compact form as  

𝑃(𝑒) ≤ 2𝑁−1 (
(𝑚 Ω𝛾̅ 

1
𝑛⁄ )

𝑚

𝑚Γ(𝑚)
)

𝑁

Γ (1 +
𝑚𝑁

𝑛
)                                          (3.21) 

Notice that the maximum diversity order can also be deduced from (3.21) as 𝑑 = 𝑚𝑁/𝑛.                  

 

3.5    Numerical Results 

In this section, we present numerical results for the approximate outage probability 𝑃𝑜𝑢𝑡 with  𝛾̅𝑜 =

3, for the selective AF-relaying scheme over n*Rayleigh fading channels. 

   Fig.3-1. shows the approximate outage probability for the selective AF-relaying scheme based 

on (3.3) and (3.5) over Rayleigh (𝑛 = 1) and cascaded Rayleigh fading channels (𝑛 = 2, 3, 4) at a 

fixed number of cooperating nodes (𝑁 = 4). It is clear from Fig.3-1 that the classical Rayleigh 

fading channel outperforms the cascaded fading channel model, confirming our earlier 

observations that the diversity order decreases when increasing the fading severity parameter (𝑛). 
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It can also be observed from Fig.3-1 that the approximate outage probability based on (3.5) is tight 

for small 𝑛 values in the high-SNR regime, although it degrades as 𝑛 increases. Based on these 

observations, it is important to take into account the dynamic range of the measurement devices 

for detecting such severe fading channels. For example, when the outage probability based on (3.3) 

is assumed at 𝑃𝑜𝑢𝑡 = 10−3, the required minimum SNR levels for receiving undistorted signal are 

12.30, 16.67, 20.36, and 23.77 dB for 𝑛 = 1, 2, 3, 4, respectively. A radio receiver with limited 

dynamic range will lead to amplitude distortion. Therefore, cooperative diversity systems can play 

a major role in enhancing the dynamic range of the measurement devices.   

 

 

 

 

 

 

 

 

 

 

Fig.3-1. Outage probability of the selective AF-relaying scheme over Rayleigh and                                         

cascaded Rayleigh fading channels. 

 

Fig.3-2 illustrates the SER performance of (3.17) and (3.19) with quadrature phase shift keying 

(QPSK) modulation. It can be clearly seen that the performance of the proposed bound in (3.19) 

converges to that of (3.17), over all SNR values and the tightness is improved in the high-SNR 

regime. Further, it can be deduced from Fig.3-2 that the diversity order of the considered scheme, 

i.e.,  𝑑 ≈ 𝑚𝑁/𝑛 is improved when the fading severity parameter 𝑛 is reduced. In addition, the 

lower the value of 𝑛 is, the tighter the proposed bound will be.   
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Fig.3-2. SER for the selective AF-relaying scheme over cascaded Rayleigh fading channels. 

 

3.6    Conclusion   

We derived approximate closed-form expressions for the PDF, CDF, and MGF for the selective-

AF relaying scheme over n*Rayleigh fading channels. The outage probability and the symbol error 

rate have been analyzed. Numerical results show that the diversity order is inversely proportional 

to  𝑛, which is considered a valuable guidelines for engineers working on the design of the 

measurement devices for inter-vehicular cooperative transmission systems over cascaded Rayleigh 

fading channels. For instance, the dynamic range of the received signal affected by cascaded 

Rayleigh fading channels can calibrate the performance characteristics of the measurement device. 

The higher the dynamic range of the measurement device is, the better its achievable performance 

will be.    
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Abstract 
   

We investigate the performance of multihop-intervehicular communication systems with 

regenerative and nonregenerative relay. We consider the so-called “n*Rayleigh distribution” as an 

adequate multipath fading channel model for vehicle-to-vehicle communication scenarios. We 

derive a novel approximation for the outage probability of maximum ratio combining diversity 
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reception. In addition, we analyze the amount of fading and optimize the power allocation for the 

investigated scheme. Numerical results show that regenerative systems are more efficient than 

nonregenerative systems when the cascading order (𝒏) is low, and they have similar performance 

when 𝒏 is high. 

Index Terms: Multihop, n*Rayleigh fading, MRC, diversity, intervehicular communications.   

 

4.1   Introduction 

Multihop transmission is advantageous when the distance between the source and destination is 

large, as it can be used to extend the coverage without using large transmit power [91, 92]. 

    In intervehicular communication (IVC) systems, both the transmitter and receiver are in motion 

and typically use the same antenna height, resulting in two or more independent Rayleigh fading 

processes, generated by independent groups of scatterers around the two mobile terminals [10]. 

Such kind of keyhole propagation scenarios is possible when two rings of scatterers separated by 

a large distance and all propagation paths travel through the same narrow pipe called ‘‘n*Rayleigh 

fading channels’’[12]. A special case of this fading model was studied in [113] when double 

Rayleigh fading is considered (i.e., 𝑛 = 2). The multiple-input multiple-output (MIMO) case was 

also discussed in [116]. In [28], experimental results in different vehicular communication 

environments have shown that in vehicular networks, several small-scale fading processes are 

multiplied together, leading to a worse-than Rayleigh fading.  

   There have been some recent studies that have investigated dual hop IVC systems with relay 

selection strategy, e.g., [16, 117]. However, all results have been reported over double-

Rayleigh/Nakagami fading channels. To the best of the authors’ knowledge, multihop systems with 

maximum ratio combining (MRC) schemes over n*Rayleigh fading channels (i. e, 𝑛 ≥ 2) have not 

been analyzed yet. Therefore, it is the aim of this work to fill this research gap and investigate the 

performance of multihop-IVC systems with MRC diversity reception under n*Rayleigh 

distribution. 

4.2   System Model 

We consider a N-hop intervehicular communications system where the source (𝑠) transmits 

information to its destination (𝑑) through intermediate nodes 𝑟𝑖 (𝑖 = 1, 2, … . , 𝑁 − 1), acting as 
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regenerative or nonregenerative relays. All underlying 𝑁 channels/hops are modeled as a product 

of 𝑛 independent circularly-symmetric complex Gaussian random variables, each of which can be 

defined as ℎ𝑖 ≜ ∏ ℎ𝑖,𝑗
𝑛
𝑗=1  with zero mean and channel variance 𝜆𝑖 . Thus, |ℎ𝑖| follows the 

n*Rayleigh distribution. We assume that the received signal undergoes slow fading (i.e., the 

symbol period of the received signal is smaller than the coherence time of the channel), which can 

be justified for rush-hour traffic. We further assume that the additive white Gaussian noise 

(AWGN) random processes at all relays and the destination node have zero mean and variance 

(𝑁𝑜). In this case, the instantaneous signal-to-noise ratio (SNR) of the ith hop is given by  𝛾̅𝑖 =

|ℎ𝑖|
2𝑃/𝑁𝑜, where 𝑃 is the transmitted signal power. An accurate approximation for the probability 

density function (PDF) of the instantaneous SNR  𝛾̅𝑖  is given by [15] with the help of [14, eq.(2.3)] 

 

        𝑓𝛾𝑖
(𝛾̅) ≈

𝑏𝑖
𝑚𝑖𝛾̅𝑎𝑖−1

𝑛𝑖Γ(𝑚𝑖)
exp (−𝑏𝑖𝛾̅

1
𝑛𝑖)  ,    𝛾̅ ≥ 0      .                                (4.1) 

 

where Γ(. )  represents the Gamma function, defined in [13, eq.(8.310.1)],  𝑎𝑖 = 𝑚𝑖
𝑛𝑖

, and  𝑏𝑖 =

2𝑚𝑖 Ω𝑖𝛾̅ 𝑖
1/𝑛𝑖⁄  where  𝛾̅ 𝑖 = 𝜆𝑖 𝑃/𝑁𝑜 is the average SNR of the i-th hop, 𝜆𝑖 = 𝐄(|ℎ𝑖|

2) with  𝐄(. ) denoting 

expectation. The fading severity parameters (𝑚𝑖, Ω𝑖) are positive real numbers given by [15] 

 

𝑚𝑖 = 0.6102𝑛𝑖 + 0.4263,   Ω𝑖 = 0.8808𝑛𝑖
−0.9661 + 1.12 

It is important to note that the novel approximation for the PDF in (1) was examined in [15], by 

comparing it to the exact PDF derived in [92, eq.(8)] and showing that the new approximation has 

high accuracy in most cases considered. Furthermore, the approximate PDF is easy to calculate and 

to manipulate compared to the exact PDF. 

   Assume that each node in the considered multihop scheme is equipped with 𝐿 diversity branches, 

then the total SNR at the output of the MRC combiner is given by 𝛾̅𝑡𝑖 = ∑ 𝛾̅𝑖,𝑙
𝐿
𝑙=1 . Normalizing 

(4.1) by the PDF of the SNR at the MRC output with Nakagami fading [92, eq.(7)] and replacing 

the factor 𝑚𝑖/Ω𝑖 by 2𝐿𝑚𝑖/Ω𝑖, and 𝛾̅ 𝑖 by 𝐿𝛾̅ 𝑖, the approximate PDF of the combined SNR 𝛾̅𝑡𝑖 for 

the ith hop over independent and identically distributed (i.i.d) n*Rayleigh fading random variables, 

can be derived as                                                                                         

                                 𝑓𝛾𝑡𝑖
(𝛾̅𝑡) ≈

𝛽𝑖
𝐿𝑚𝑖𝛾̅𝑡

𝛼𝑖−1

𝑛𝑖Γ(𝐿𝑚𝑖)
exp (−𝛽𝑖𝛾̅𝑡

1
𝑛𝑖) .                                             (4.2) 
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Fig. 4-1. Comparison between analytical results and Monte-Carlo simulation for the  

PDF formulated by (4.3) (𝑛 = 3;𝑚 = 2.256, Ω = 1.424), (𝑛 = 4;𝑚 = 2.87, Ω =
1.351), (𝑛 = 5;𝑚 = 3.477, Ω = 1.306), 𝜎2 = 1, 𝐿 = 2 and 106 iterations. 

 

where  𝛼𝑖 = 𝐿𝑚𝑖 𝑛𝑖⁄  and 𝛽𝑖 = 2𝐿𝑚𝑖 Ω𝑖(𝐿𝛾̅ 𝑖)
1 𝑛𝑖⁄⁄ . However, eq.(4.2) is novel and has not been 

derived yet for the MRC scheme with n*Rayleigh fading. In addition, by introducing a change of 

variables in the expression for the PDF 𝑓𝛾𝑡𝑖
(𝛾̅𝑡) of  𝛾̅𝑡𝑖, 𝑓𝛾𝑡𝑖

(𝛾̅𝑡) = 𝑓ℎ𝑡
(√2𝑛𝜎𝑖

2𝛾̅𝑡/𝛾̅ 𝑖) 2√𝛾̅𝑡𝛾̅ 𝑖/2
𝑛𝜎𝑖

2⁄ , 

the channel fading amplitude ℎ𝑡 is distributed according to  

 

   𝑓ℎ𝑡𝑖
(ℎ𝑡) ≈

2 (
2𝐿𝑚𝑖

Ω𝑖
)
𝐿𝑚𝑖

ℎ𝑡
2𝛼𝑖−1

𝑛𝑖Γ(𝐿𝑚𝑖)(𝐿𝜎𝑖
2)  𝛼𝑖

exp (−
2𝐿𝑚𝑖

 Ω𝑖
(

ℎ𝑡

𝐿𝜎𝑖
)

2
𝑛𝑖) .                                  (4.3) 

For a double check, the PDF in (4.3) is validated by Monte-Carlo simulation, as observed in Fig. 

4-1, the approximate PDF has high accuracy as the cascading order n increases. The larger the 

value of n is, the higher accuracy will be [15]. 

    For nonregenerative relaying that is employed in analog systems, the relay amplifies the 

incoming signal and forwards it to the next relay without decoding. In this case, the end-to-end 

SNR, 𝛾̅𝑒𝑞 , at the destination can be upper-bounded by [91] 
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𝛾̅𝑒𝑞 = (∑
1

𝛾̅𝑡𝑖

𝑁

𝑖=1

)

−1

     .                                                           (4.4) 

Since (4.4) is related to the harmonic mean of individual links SNRs, 𝛾̅𝑡𝑖, we can use the following 

inequality proposed by [92] 

𝛾̅𝑒𝑞 ≤
1

𝑁
∏𝛾̅𝑡𝑖

1
𝑁

𝑁

𝑖=1

     .                                                              (4.5) 

 

From (4.5), the kth moment of 𝛾̅𝑒𝑞 over identical fading severity parameters can be evaluated with 

the help of [13, eq.(3.326.2)], as  

𝐄(𝛾̅𝑒𝑞
𝑘 ) ≤

𝑁−𝑘

∏ 𝛽𝑖

𝑛𝑘
𝑁𝑁

𝑖=1

[
Γ (

𝑛𝑘
𝑁 + 𝐿𝑚)

Γ(𝐿𝑚)
]

𝑁

    .                                           (4.6) 

 

where  𝛽𝑖 = 2𝐿𝑚 Ω(𝐿𝛾̅ 𝑖)
1 𝑛⁄⁄ . By using the inverse Mellin transform of  𝐄(𝛾̅𝑒𝑞

𝑘 ), defined by the 

contour integral   𝑓𝑋(𝑥) = ∫ 𝟏
𝒋𝟐𝝅ℒ

𝐄(𝑋𝑘)𝑥−(𝑘+1)𝑑𝑘 [13, Sec.17.41] and with the help of the Meijer’s 

G-function identity in [84, eq.(07.34.02.0001.01)], the upper-bound PDF and the cumulative 

density function (CDF) of the end-to-end SNR can be expressed as 

 

𝑓𝛾𝑒𝑞
(𝛾̅𝑡) ≤

𝛾̅𝑡
−1 𝐺0,𝑁

𝑁,0 ((𝑁𝛾̅𝑡)
𝑁
𝑛 ∏ 𝛽𝑖

𝑁
𝑖=1 | 

−       
 𝐿𝑚, … , 𝐿𝑚  )  

Γ𝑁(𝐿𝑚)
                                (4.7) 

and  

𝐹𝛾𝑒𝑞
(𝛾̅𝑡) ≤

𝐺1,𝑁+1
𝑁,1 ((𝑁𝛾̅𝑡)

𝑁
𝑛 ∏ 𝛽𝑖

𝑁
𝑖=1 | 

1       
 𝐿𝑚, … , 𝐿𝑚,0  

)  

Γ𝑁(𝐿𝑚)
      .                           (4.8) 

 

respectively, where  𝐺𝑝,𝑞
𝑚,𝑛(. ) is the Meijer’s G-function defined in [13, eq.(9.301)]. Note that the 

inverse Mellin transform approach has the advantage of simplicity in the derivation of both (4.7) 

and (4.8) rather than using the moment generating function (MGF) approach as in [92]. 
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   Special cases: For 𝑁 = 1 with the help of [84, eq.( 07.34.03.0228.01)], (4.7) simplifies to (4.2). 

In addition, for 𝑁 = 2 with the help of [84, eq.(07.34.03.0605.01)], (4.7) reduces to the following 

case of dual-hop transmission. 

𝑓𝛾𝑒𝑞
(𝛾̅𝑡) ≤

2𝛾̅𝑡
−1 ((2𝛾̅𝑡)

2
𝑛 ∏ 𝛽𝑖

2
𝑖=1 )

𝐿𝑚

𝛫0 (2(2𝛾̅𝑡)
2
𝑛 ∏ 𝛽𝑖

2
𝑖=1 ) 

Γ2(𝐿𝑚)
  .                         (4.9) 

 

where 𝐾0(·) is the zeroth-order modified Bessel function of the second kind defined in [13, 

eq.(9.6.21)].  

     For regenerative relaying that is employed in digital systems, the relay decodes the received 

signal and then forwards it to the next hop [91]. In this case, the underlying scheme takes a decision 

per hop and the equivalent SNR is  𝛾̅𝑒𝑞 = min{𝛾̅𝑡1, … , 𝛾̅𝑡𝑁}, which leads to derive the approximate 

CDF of  𝛾̅𝑒𝑞 as follows 

                                          𝐹𝛾𝑒𝑞
(𝛾̅𝑡) = Pr (min

𝑖∈𝑁
{𝛾̅𝑡𝑖} ≤ 𝛾̅𝑡) 

                                = 1 − Pr(𝛾̅𝑡1 > 𝛾̅𝑡, 𝛾̅𝑡2 > 𝛾̅𝑡, … , 𝛾̅𝑡𝑁 > 𝛾̅𝑡 )                              (4.10) 
 

Using the fact defined in [12, eq.(3.381.1)], (4.10) can be expressed as  

 

                 𝐹𝛾𝑒𝑞
(𝛾̅𝑡) ≈ 1 − ∏

Γ(𝐿𝑚𝑖,  𝛽𝑖𝛾̅𝑡

1
𝑛  )

Γ(𝐿𝑚𝑖)

𝑁

𝑖=1

  .                                                    (4.11) 

where Γ(. , . ) represents the upper incomplete gamma function, defined by  Γ(𝛼, 𝑥) = ∫ 𝑒−𝑡𝑡𝛼−1 𝑑𝑡 
∞

𝑥
 

[13].  

 

4.3    Performance Analysis   

4.3.1   Outage Probability    

 

The outage probability of a communication channel can be defined as the probability that the end-

to-end SNR 𝛾̅𝑒𝑞 falls below a certain threshold 𝛾̅th, namely   

𝑃𝑜𝑢𝑡 = Pr(𝛾̅𝑒𝑞 ≤ 𝛾̅th) = 𝐹𝛾𝑒𝑞
(𝛾̅th)  .                                               (4.12) 

Using (4.8) and (4.11), lower-bounds for the outage probability can be derived for nonregenerative 

and regenerative systems respectively. Furthermore, using (4.8) and the asymptotic expression for  
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Fig. 4-2. Comparison between analytical results and Monte-Carlo simulation 

for the outage probability lower-bounds of regenerative and nonregenerative 

systems with MRC diversity reception over n*Rayleigh fading channels (Solid 

lines: analysis, dotted lines: simulation). Left: the left tails of the outage 

probability of nonregenerative systems (𝑁 = 4, 𝐿 = 2). Right: the right tails of 

the outage probability of regenerative systems (𝑁 = 6, 𝐿 = 3).  

 

the Meijer’s G-function presented in [84, eq. (07.34.06.0006.01)], we can derive an approximate 

expression for the outage probability of nonregenerative systems in the high-SNR regime (i.e., 

when 𝛾̅ 𝑖 → ∞). 

     On the other hand, assuming that the instantaneous SNRs for all hops are i.i.d random variables 

(i.e., 𝛾̅ 𝑖 = 𝛾̅ ) in (11), we can derive a simple lower-bound expression for the outage probability of 

regenerative systems in the high-SNR regime using the fact that Γ(𝛼, 𝑥) = Γ(𝛼) − ∑
(−1)𝑛𝑥𝛼+𝑛

𝑛!(𝛼+𝑛)
∞
𝑛=0  

[13], which yields Γ(𝛼, 𝑥) = Γ(𝛼) − 𝑥𝛼 𝛼⁄  when 𝑥 → 0, as 

 

𝑃𝑜𝑢𝑡 ≈
𝑁 (𝛽𝛾̅𝑡

1
𝑛)

𝐿𝑚

𝐿𝑚Γ(𝐿𝑚)
    .                                                        (4.13) 

From (4.13), it is noted that the end-to-end outage probability increases as a number of hops 

increases and it significantly decreases when diversity combining schemes are employed. Fig. 4-2 
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Fig. 4-3. End-to-end outage probability of regenerative and nonregenerative systems 

with MRC diversity reception over n*Rayleigh fading channels (𝐿 = 2). 

 

shows the outage probability achieved by both schemes, which are validated by Monte-Carlo 

simulation. As clearly observed from Fig. 4-2, lower-bounds for the outage probability-based (4.8) 

and (4.11) converge to simulation results in the high SNR regime. Additionally, the larger the value 

of n is, the tighter the bounds are obtained.   

  Fig. 4-3 compares the outage probability of a regenerative system with that of a nonregenerative 

system over n*Rayleigh fading channels. It is clear that the regeneration improves the outage 

performance in the low and high-SNR regimes, and the performance difference between two 

systems starts decreasing gradually as the cascading order 𝑛 increases. This means that the 

decoding error probability for regenerative systems increases as the fading severity parameter 𝑛 

increases. In this case, nonregenerative systems with diversity reception enhance the performance 

without increasing the complexity of system design. 

 

4.3.2    Amount of Fading     

The end-to-end amount of fading (AF) is defined as the ratio of variance to the square average SNR 

[14].  

    AF =
var(𝛾̅𝑒𝑞

2 )

(𝐄[𝛾̅𝑒𝑞])
2        

where var(. ) denotes variance. Using (4.6), the following AF lower-bound can be derived  
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Fig.4-4. Amount of fading of direct and multihop transmission systems with 

diversity reception over n*Rayleigh fading channels. 

 

 

AF ≈ [
Γ(𝐿𝑚)Γ (

2𝑛
𝑁 + 𝐿𝑚)

Γ2 (
𝑛
𝑁 + 𝐿𝑚)

]

𝑁

− 1                                           (4.14) 

 
   

 Special case: For 𝑁 = 1 and 𝐿 = 1, AF can be simplified by 

AF ≈
(𝑚)2𝑛

(𝑚)𝑛
2

− 1                                                            (4.15) 

where (𝑥)𝑛 = Γ(𝑥 + 𝑛) Γ(𝑥)⁄ . From (4.15), it is noted that for the classical Rayleigh distribution (𝑛 =

1), AF ≈ 1.  

    Fig.4-4 shows the effect of diversity on the performance of both direct and multihop transmission 

systems. It is interesting to note that: 1) using relays, the amount of fading is reduced compared to 

the direct transmission, 2) the overall amount of fading is reduced substantially when diversity 

reception is employed, and 3) the performance difference between diversity combining systems 

and no-diversity reception becomes larger as 𝑛 increases. These results provide new insight into 

the trade-off between performance and complexity diversity reception over n*Rayleigh fading 

channels and assist in the design of such receivers. 
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4.3.3    Power Optimization 

From a practical standpoint, tracking the signal/interference level during the real-time updates of 

power allocation (PA) among vehicles requires high hardware complexity. This motivates us to 

investigate optimized power allocation when perfect statistical channel state information (CSI) is 

available at the source and relay nodes.  

To simplify the analysis, we only evaluate the power allocation mode for regenerative systems. In 

this case, we redefine the instantaneous SNR as 𝛾̅ 𝑖 = 𝑃𝑖𝜆𝑖, where 𝑃𝑖 ≜ 𝐸𝑠𝑖 𝑁𝑜⁄  is the transmitted 

signal power per hop with 𝐸𝑠𝑖 denoting the transmitted signal energy. Next, we can optimize the 

power allocation to minimize the outage probability in (4.12) under a total power 

constraint  (∑ 𝑃𝑖
𝑁
𝑖=1 ≤ 𝑃𝑇)  with the knowledge of channel coefficients 𝜆𝑖. Consequently, the 

optimization problem is formulated as follows 

 

min
𝑃𝑖

(

 
 

1 − ∏

Γ(𝐿𝑚𝑖,  𝛽𝑖𝛾̅𝑡ℎ

1
𝑛𝑖   )

Γ(𝐿𝑚𝑖)

𝑁

𝑖=1

)

 
 

 

  subject to ∑ 𝑃𝑖
𝑁
𝑖=1 ≤ 𝑃𝑇  and  𝑃𝑖 ≥ 0                                           (4.16)  

By introducing Lagrange multipliers, the approximate power allocation for the ith hop can be 

expressed as 

𝑃𝑖 ≈ 𝑃𝑇 [∑
𝑛𝑖Γ(𝐿𝑚𝑖, 𝑋𝑖) 𝑋𝑘

𝐿𝑚𝑘  𝑒−𝑋𝑘

𝑛𝑘Γ(𝐿𝑚𝑘, 𝑋𝑘) 𝑋𝑖
𝐿𝑚𝑖  𝑒−𝑋𝑖

𝑁

𝑘=1

]

−1

                                       (4.17) 

 

where 𝑋𝑖 =  𝛽𝑖𝛾̅𝑡ℎ

1

𝑛𝑖. From (4.17), we obtain the power allocation for the lth diversity branch as 

𝑃𝑙 = 𝑃𝑖/𝐿. For 𝑁 = 2, (4.17) is simplified to  

 

𝑃1 ≈
𝑃𝑇

[1 +
𝑛1Γ(𝐿𝑚1, 𝑋1) 𝑋2

𝐿𝑚2  𝑒−𝑋2

𝑛2Γ(𝐿𝑚2, 𝑋2) 𝑋1
𝐿𝑚1  𝑒−𝑋1

]

                                          (4.18)  

 

A similar equation can be written in terms of 𝑃2. We note that (4.17) is a transcendental function 

and it is challenging to derive a closed-form for the transmitted power per hop. Hence, we calculate 

it numerically using a root-finding algorithm such as the bisection, Newton or successive numeric 
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Fig.4-5. Effect of the PA and EPA modes on the outage performance of multihop 

systems with diversity reception over n*Rayleigh fading channels 

 

approximation methods.  

   Asymptotic Analysis: To gain further insight into the performance of regenerative systems over 

n*Rayleigh fading channels, we compute an asymptotic solution for (4.17) using the fact that 

𝑥𝛼𝑒−𝑥 = Γ(𝛼 + 1, 𝑥) − 𝛼Γ(𝛼, 𝑥) [13, eq.(8.356.2)] and Γ(𝛼 + 1, 𝑥) ≤ 𝛼Γ(𝛼) for small values of 

𝑥, to obtain 

𝑃𝑖 ≈
𝑚𝑖

𝑛𝑖 ∑
𝑚𝑘

𝑛𝑘

𝑁
𝑘=1

𝑃𝑇                                                            (4.19) 

From (4.19), it can be seen that the power allocation for the ith hop depends only on the fading 

severity parameters, regardless of the channels coefficients (𝜆𝑖).  

     Fig.4-5 depicts the minimum outage probability versus the total power consumed to transmit 

the source’s message to the destination node. In this scenario, we assume a three-hop system 

with/without diversity reception and channel quality set by 𝜆1 = 1, 𝜆2 = 1 and 𝜆3 = 10 for 𝑛1 =

3, 𝑛2 = 3 and 𝑛3 = 2 respectively. It is clear that the power allocation is more beneficial if diversity 

reception is used. For instance, at 𝐿 = 3, the power allocation ratio 𝜌 = 𝑃𝑖 𝑃𝑇⁄  is evaluated from 

(4.17) using the successive approximation algorithm, which turns out to be 𝜌 ≈

0.429, 0.429, and 0.142 for 𝑛1, 𝑛2, and  𝑛3 respectively. It should be noted here that the 

regenerative systems allocate larger power to the weaker links to reduce the overall outage 
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probability compared to the equal power allocation (EPA) mode where the total transmitted power 

splits equally between the nodes (𝑃𝑖 = 𝑃𝑇 3⁄ ). On the other hand, the PA ratio for the case of no-

diversity reception, is calculated as  𝜌 ≈ 0.40, 0.40, and 0.20 for  𝑛1, 𝑛2, and  𝑛3 respectively. We 

note that the underlying scheme allocates less power to the first two hops, approaching the EPA 

mode. As a result, the performance improvement is negligible for the no-diversity reception case.  

 

4.5   Conlusion  

In this letter, we analyzed the end-to-end performance of multihop-IVC systems with regenerative 

and nonregenerative relays. In particular, we investigated the performance of both regenerative and 

nonregenerative systems with diversity reception over n*Rayleigh fading channels. We derived 

new closed-form expressions for the outage probability and the amount of fading. The power 

optimization problem has also been formulated and solved. Numerical results show that at high 

cascading order  𝑛, nonregenrative systems achieve outage performance close to that of 

regenerative systems. Finally, we demonstrated that optimizing the transmit power allocation for 

diversity reception systems can provide a significant performance gain compared to the equal 

power allocation scenario.   
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Abstract 

In this letter, we consider the problem of energy detection of unknown signals in an intervehicular 

communication (IVC) system over n*Rayleigh fading channels (also known as cascaded 

Rayleigh). Novel tight approximations for the probability of detection are derived for the no-
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diversity and the maximum ratio combining (MRC)) diversity schemes. Moreover, we investigate 

the system performance when cooperative spectrum sensing (CSS) is considered with and without 

imperfect reporting channels. The analytical results show that the detection reliability is decreased 

as the fading severity parameter 𝒏 increases but reliability is substantially improved when CSS 

employs MRC schemes. 

Index Terms: Cognitive radio, energy detection, n*Rayleigh fading channels, diversity schemes, 

cooperative spectrum sensing. 

 

5.1   Introduction  

Recent studies have reported the importance of using cognitive radio in vehicular networks as a 

candidate solution for spectrum scarcity, and various techniques have been studied for cooperative 

spectrum sensing (CSS) as an efficient approach to enhance local spectrum sensing [94, 95]. 

However, one of the most difficult challenges of implementing spectrum sensing in vehicular 

networks is the hidden terminal problem which occurs when the CR (secondary user) is hidden in 

severe multipath fading while the primary user (PU) is operating in the vicinity [18]. Such kinds 

of problems can cause interference to the licensed users due to the very low SNR environments, 

which in turn leads to degrade the system performance. Hence, cooperative spectrum sensing has 

interestingly become a powerful solution to increase the probability of PU detection [19]. In this 

case, CR users have ability to collect radio environmental information such as power, position, 

frequency and bandwidth, then report it to fusion center (FC) where the local observations from 

CR users, are fused to detect the presence of PU. There are several factors play an important role 

in PU detection process, for instance, the position of CR user as a relay, whether it is located nearby 

or far away from the PU. By assuming the CR user is nearby the PU, the signal can be detected 

reliably with short sensing duration, which in turn makes the whole sensing time short at the FC. 

In addition, the number of cooperative partners is also another factor. By increasing the number of 

CR users, the probability of detecting the PU can be improved significantly but it makes the whole 

sensing time long [96].  

    It has been demonstrated recently that the so-called n*Rayleigh fading channel model, which 

involves the product of two or more independent Rayleigh distributed random variables, provides 

an accurate statistical description of the intervehicular communications (IVC) channels [10]. In 
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[28, 29], experimental results in different vehicular communication environments have shown that 

in vehicular networks, several small-scale fading processes are multiplied together, leading to a 

worse-than Rayleigh fading. Unfortunately, most of the studies in the literature discussed 

cooperative spectrum sensing with energy detection over classical Rayleigh fading channels, which 

is limited to fixed-to-mobile cellular radio channels (see, e.g, [73, 74] and reference therein). There 

are very few studies that have discussed the problem of energy detection over n*Rayleigh 

distribution, which is presented as an accurate statistical propagation model for mobile-to-mobile 

scenario. For instance, in [76], the detection probability over double Rayleigh fading channels 

(i.e.,  𝑛 = 2) has been investigated with and without receive diversity reception such as selection 

combining (SC) and switch and stay combining (SSC). The results have shown that the energy 

detection over double Rayleigh fading is worse than that of Rayleigh channels, and is improved by 

diversity systems.   

   In this letter, we analyze the energy detection over n*Rayleigh fading channels (i. e, 𝑛 > 2) 

when CSS scheme is employed in IVC system with and without maximum ratio combining (MRC) 

diversity reception, which to the best of our knowledge, has not been studied yet. Specifically, each 

local detector (CR user) makes a local binary decision, depending on whether the CR user 

decides 𝐻0 (PU is absent) or 𝐻1 (PU is present). All local decisions are then reported to a common 

receiver-enabled CR (i.e., a moving vehicle with a data fusion center), where they are combined to 

make a final decision about the presence or the absence of the PU. Through this approach, we 

analyze the spectrum sensing performance under various detection constraints, in cases of perfect 

reporting channels (where the reporting channel is free of error) and imperfect reporting channels 

(where the reporting channels between the CR users and the common receiver suffer from severe 

fading). Accordingly, approximate closed-form expressions of the average detection probability 

for both the no-diversity and diversity reception cases 𝑃 𝑑𝑖
𝑛̅̅ ̅̅  are presented, and the receiver operating 

characteristic (ROC) curves (probability of missed detection  𝑄𝑚 = 1 − 𝑄𝑑 versus probability of 

false alarm 𝑄𝑓 ) are obtained for different values of the fading severity parameter 𝑛.   

The rest of this letter is organized as follows: in Section 5.2, the performance of local spectrum 

sensing over n*Rayleigh fading channels is introduced. Section 5.3 studies the impact of diversity 

reception on n*Rayleigh fading channels. In Section 5.4, cooperative spectrum sensing is 
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investigated. In Section 5.5, the numerical evaluation of cooperative spectrum sensing with and 

without imperfect reporting channels is presented. Finally, conclusions are given in Section 5.6. 

5.2   Local Spectrum Sensing with No-Diversity  

We consider a vehicular network composed of 𝑀 CR users each equipped with a single pair of 

transmit and receive antennas. Each CR user performs its spectrum sensing independently to 

decide between the following two hypotheses  

 

 𝑥𝑖(𝑡) = {
𝑤𝑖(𝑡),                                   ∶ 𝐻0      

ℎ𝑖(𝑡)𝑠(𝑡) + 𝑤𝑖(𝑡) ,          ∶ 𝐻1      
                                          (5.1) 

 

where 𝑥𝑖(𝑡) is the signal received by the ith CR user in time slot 𝑡, 𝑠(𝑡) is the PU transmitted 

signal, 𝑤𝑖(𝑡) is the additive white Gaussian noise (AWGN) with zero mean and variance (𝑁𝑜𝑊)-

denoted by one-sided noise and signal bandwidth, and ℎ𝑖(𝑡) is a product of 𝑛 independent circularly 

complex Gaussian random variables of the sensing channel between the PU and the ith CR user, 

which is defined as ℎ𝑖 ≜ ∏ ℎ𝑖,𝑗
𝑛
𝑗=1  with zero mean and channel variance of (𝜂𝑖), for 𝑖 = 1,… ,𝑀. 

Hence, |ℎ𝑖| follows n*Rayleigh distribution. We assume the received signal undergoes slow fading 

(i.e., the symbol period of the detected signal is smaller than the coherence time of the channel), 

which can be justified for rush-hour traffic. At each CR user, the received signal is filtered, squared 

and integrated over a time interval 𝑇, and the energy of output signal measured by 𝑦𝑖 ≜

2

𝑁𝑜
∫ |𝑥𝑖(𝑡)|

2𝑑𝑡
𝑇

0
 [97].  Therefore, 𝑦𝑖 acts as a test statistic and follows a central chi-square 

distribution with 2𝑇𝑊 degrees of freedom under 𝐻0 and a non-central chi-square distribution with 

2𝑇𝑊 degrees of freedom under 𝐻1.  

   In order to find an approximate expression for the average probability of detection over 

𝑛*Rayleigh fading channels 𝑃 𝑑𝑖
𝑛̅̅ ̅̅ , we need to recall the probabilities of false alarm and detection 

for a non-fading AWGN channel, which are given respectively by [97] 

 

                  𝑃𝑓𝑖 = 𝑃{𝑦𝑖 > 𝜆𝑖|𝐻0} =
Γ( 𝑢,  𝜆𝑖 2⁄ )

Γ(𝑢)
,                                                 (5.2) 
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       𝑃𝑑𝑖 = 𝑃{𝑦𝑖 > 𝜆𝑖|𝐻1} = 𝑄𝑢( √2𝛾̅𝑖 , √𝜆𝑖) .                                           (5.3) 

 

where  𝑢 = 𝑇𝑊,  𝜆𝑖 and  𝛾̅𝑖 = |ℎ𝑖|
2𝐸𝑠/𝑁𝑜𝑊 are the energy detection threshold and the 

instantaneous signal-to-noise ratio (SNR) at the ith CR user respectively. 𝐸𝑠 is the transmission 

energy per symbol, Γ(. ) is the gamma function defined by Γ(𝛼) = Γ(𝛼, 0) [13], Γ(. , . ) represents 

the upper incomplete gamma function, defined by  Γ(𝛼, 𝑥) = ∫ 𝑒−𝑡𝑡𝛼−1 𝑑𝑡 
∞

𝑥
 [13],   and 𝑄𝑢(. , . ) 

is the generalized Marcum-Q function defined as 𝑄𝑢(𝑎, 𝑏) = ∫
𝑥𝑢

𝑎𝑢−1 𝑒−
𝑥2+𝑎2

2 𝐼𝑢−1(𝑎𝑥)𝑑𝑥
∞

𝑏
 [98], 

where 𝐼𝑢−1(. ) is the modified Bessel function of the first kind and order 𝑢 − 1.  

 

   The generalized Marcum Q-function can be expressed by an infinite series representation as [99, 

eq. (29)]. To converge more quickly, by having a finite series, an asymptotic solution for the 

generalized Marcum Q-function has been introduced in [100, eq.(6)] for arbitrary values of its 

order 𝑢, which is given in a finite series representation and leads us to rewrite (5.3) in an 

approximate expression as 

       𝑃𝑑𝑖 ≈ ∑
Γ(𝑘 + 𝑙)𝑘1−2𝑙Γ (𝑢 + 𝑙,

𝜆𝑖

2) 𝛾̅𝑖
𝑙

Γ(𝑙 + 1)Γ(𝑘 − 𝑙 + 1)Γ(𝑢 + 𝑙)𝑒𝛾𝑖
 .                                         (5.4)

𝑘

𝑙=0

  

 

Since 𝑘 = ∞ is exact, it’s worthwhile to mention that 𝑘-value selection in (5.4) is related to the 

involved parameters (i.e., 𝑢,  𝜆𝑖, 𝛾̅𝑖). Thus, the accuracy of (5.4) depends on the value of 𝑘 and 

improves when 𝑘 increases [100].   

 

             Under n*Rayleigh distribution [12] with the help of [14, eq.(2.3)], the exact probability density 

function (PDF) of instantaneous SNR  𝛾̅𝑖 at the ith CR user is given by   

 

 𝑓𝛾𝑖
(𝛾̅𝑖) = (𝛾̅ 𝑖𝛾̅𝑖 )

−
1
2 𝐺0,𝑛𝑖

𝑛𝑖,0 (
𝛾̅𝑖 

 𝛾̅ 𝑖
|
−        

 
1

2
, … ,

1

2
) .                                            (5.5) 

where  𝐺𝑝,𝑞
𝑚,𝑛(. ) is the Meijer-G function defined in [13, eq.(9.301)], and 𝛾̅ 𝑖 = 𝐄(|ℎ𝑖|

2)𝐸𝑠/𝑁𝑜𝑊 is 

the average SNR of 𝛾̅𝑖 , where 𝐄(. ) is the statistical expectation operator. By averaging (5.4) 
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over (5.5) and using the fact defined in [85, eq.(07.34.21.0088.01)], the average probability of 

detection for the ith CR user over n*Rayleigh fading channels can be obtained as  

 

            𝑃 𝑑𝑖
𝑛̅̅ ̅̅ ≈ ∑

Γ(𝑘 + 𝑙)𝑘1−2𝑙Γ(𝑢 + 𝑙,
𝜆𝑖

2)

Γ(𝑙 + 1)Γ(𝑘 − 𝑙 + 1)Γ(𝑢 + 𝑙)

𝑘

𝑙=0

√21−𝑛𝑖  𝛾̅ 𝑖
−

1
2 𝐺1,𝑛𝑖

𝑛𝑖,1 (
21−𝑛𝑖

 𝛾̅ 𝑖
| 

1

2
−𝑙       

 
1

2
, … ,

1

2
  
).            (5.6)  

However, a new accurate approximation for the PDF of n*Rayleigh distribution has been proposed 

in [15], which is derived based-on a transformed Nakagami-m distribution as  

 

        𝑓𝛾𝑖
(𝛾̅𝑖) ≈

𝛽𝑖
𝑚𝑖𝛾̅𝑖

𝛼𝑖−1

𝑛𝑖Γ(𝑚𝑖)
e−𝛽𝑖𝛾𝑖

1
𝑛𝑖 ,      𝛾̅𝑖 ≥ 0                                         (5.7) 

where 𝛼𝑖 = 𝑚𝑖 𝑛𝑖⁄  and 𝛽𝑖 = 2𝑚𝑖 Ωi𝛾̅𝑖̅
1/𝑛𝑖⁄ . The fading severity parameters (𝑚𝑖, Ωi) are given by   

[15] 

  𝑚𝑖 = 0.6102𝑛𝑖 + 0.4263,    Ωi = 0.8808𝑛𝑖
−0.9661 + 1.12     

It’s important to mention that the novel approximation for the PDF in (5.7) has been examined in 

[15], by comparing it to the exact PDF derived in (5.5). The results have shown that the new 

approximation has high accuracy in most cases considered. Furthermore, the approximate PDF is 

easy to calculate and to manipulate compared to the exact PDF as noticed later for deriving the 

PDF of the SNR at the output of MRC scheme. 

 

   By averaging (5.4) over (5.7) and using the fact that exp(−𝑥) = 𝐺0,1
1,0(𝑥| −

0
) , ∀𝑥 [85], the 

approximate closed-form expression for the average probability of detection for the ith CR user 

can be found as  

                              𝑃 𝑑𝑖
𝑛̅̅ ̅̅ ≈ ∑

Γ(𝑘 + 𝑙)𝑘1−2𝑙Γ(𝑢 + 𝑙,
𝜆𝑖

2)

√𝑛𝑖Γ(𝑚𝑖)Γ(𝑙 + 1)Γ(𝑘 − 𝑙 + 1)Γ(𝑢 + 𝑙)

𝑘

𝑙=0

 

 

     ×
𝛽𝑖

𝑚𝑖

(2𝜋)
𝑛𝑖−1

2

𝐺1,𝑛𝑖

𝑛𝑖,1 ((
𝛽𝑖

𝑛𝑖
)
𝑛𝑖

|

1 − (𝛼𝑖 + 𝑙)

 0, … ,
𝑛𝑖 − 1

𝑛𝑖
 
) .                                (5.8) 

 

The Meijer-G function in (5.8) can be evaluated much faster than that of (5.6) using the common 
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mathematical software packages such as MATHEMATICA or MAPLE. This is due to the fact that 

(5.8) is built based on a simple PDF compared to (5.6) which requires high computational 

complexity of the PDF in (5.5).  

 

5.3   Local Spectrum Sensing with Diversity Reception 

In this section, we derive an approximate expression for the average probability of detection when 

the MRC diversity reception is employed at each CR user. In such a scenario, the diversity scheme 

is employed to combat the severe fading due to n*Rayleigh fading channels. We consider  𝐿 

diversity branches which are independent and identically distributed (i.i.d), and are subject to 

n*Rayleigh fading. The instantaneous SNR of the combiner output for ith CR user is given by 

𝛾̅𝑡𝑖 = ∑ 𝛾̅𝑖,𝑟
𝐿
𝑟=1  [14].  

 

For a non-fading AWGN channel, the probabilities of false alarm and detection at the output of 

MRC are the same as (5.2) and (5.3), respectively. The PDF of 𝛾̅𝑡𝑖 for the ith CR user over i.i.d 

n*Rayleigh fading random variables can be derived by normalizing (5.7) to the PDF of the SNR 

at the MRC output with Nakagami fading [93, eq.(7)], to be finally expressed as  

 

   𝑓𝛾𝑡𝑖
(𝛾̅𝑡𝑖) ≈

(𝐿𝛽𝑖)
𝐿𝑚𝑖𝛾̅𝑡𝑖

𝐿𝛼𝑖−1

𝑛𝑖Γ(𝐿𝑚𝑖)𝐿𝐿𝛼𝑖
exp (−

𝐿𝛽𝑖

𝐿1 𝑛𝑖⁄
𝛾̅𝑡𝑖

1
𝑛𝑖) .                                       (5.9) 

 

The PDF of 𝛾̅𝑡𝑖 is quite similar to that in (5.7) by replacing 𝑚𝑖 by 𝐿𝑚𝑖 and 𝛾̅𝑖̅ by 𝐿𝛾̅𝑖̅. However, 

eq.(5.9) is novel and has not been derived yet for the MRC scheme with n*Rayleigh fading. 

Similarly, the average detection probability for the MRC diversity scheme at the ith CR user, can 

be evaluated by averaging 𝑃𝑑𝑖 over (5.9). 

                   𝑃 𝑑𝑖
𝑛̅̅ ̅̅ ≈ ∑

Γ(𝑘 + 𝑙)𝑘1−2𝑙Γ (𝑢 + 𝑙,
𝜆𝑖

2)

√𝑛𝑖Γ(𝐿𝑚𝑖)Γ(𝑙 + 1)Γ(𝑘 − 𝑙 + 1)Γ(𝑢 + 𝑙)

𝑘

𝑙=0

 

 

×
(𝐿𝛽𝑖)

𝐿𝑚𝑖

(2𝜋)
𝑛𝑖−1

2

𝐺1,𝑛𝑖

𝑛𝑖,1 ((
𝐿𝛽𝑖

𝑛𝑖
)

𝑛𝑖

|

1 − (𝐿𝛼𝑖 + 𝑙)

 0, … ,
𝑛𝑖 − 1

𝑛𝑖
 
).                              (5.10)  
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5.4   Cooperative Spectrum Sensing  

In cooperative spectrum sensing, each CR user sends its binary decision 𝐷𝑖 ∈ {0,1}, to fusion 

center (FC). At the FC, all the local decisions are combined according to the OR fusion rule which 

gives better performance than other rules [101]. Consequently, the global decision is made to infer 

the presence or the absence of PU after 𝑀 symbol periods. In this case, we assume the 

instantaneous SNRs at the CR users, are independent, but not necessarily identically (i.n.i.d) 

distributed random variables. In addition, all CR users use different decision thresholds 𝜆𝑖, for  𝑖 =

1, , . . , 𝑀. Hence, the global probabilities of false and miss through an error-free channel, are given 

respectively by [102] 

𝑄𝑓  = 1 − ∏(1 − 𝑃𝑓𝑖 ),    𝑄𝑚  = ∏  𝑃 𝑚𝑖
𝑛̅̅ ̅̅ ̅

𝑀

𝑖=1

𝑀

𝑖=1

  .                                      (5.11) 

 

where  𝑃 𝑚𝑖
𝑛̅̅ ̅̅ ̅ = 1 − 𝑃 𝑑𝑖

𝑛̅̅ ̅̅  is the average probability of missed detection of the local spectrum sensing 

of the ith CR user.   

   On the other hand, in case of imperfect reporting channels between ith CR user and the FC, the 

global probabilities of false alarm and miss are given respectively by [103] 

 

 𝑄𝑓  = 1 − ∏[(1 − 𝑃𝑓𝑖 )(1 − 𝑃𝑒𝑖) + 𝑃𝑓𝑖 𝑃𝑒𝑖 ]

𝑀

𝑖=1

,                                         (5.12) 

 

𝑄𝑚  = ∏[𝑃 𝑚𝑖
𝑛̅̅ ̅̅ ̅(1 − 𝑃𝑒𝑖 ) + (1 − 𝑃 𝑚𝑖

𝑛̅̅ ̅̅ ̅)𝑃𝑒𝑖 ]

𝑀

𝑖=1

 .                                           (5.13) 

 

where 𝑃𝑒𝑖 is the probability of reporting error between the ith CR user and the common receiver. 

 

5.5   Numerical Results  

In this section, we analyze the performance of cooperative spectrum sensing with and without 

diversity reception over n*Rayleigh fading channels. The performance analysis has been 

implemented under various channel constraints.   
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Fig.5-1. Comparison of complementary ROC curves for cooperative spectrum sensing-

based the exact PDF and approximate PDF in (5.7) with different 𝑛 values and perfect 

reporting channels  (𝛾̅ = 10dB, 𝑢 = 5, (𝑛 = 3;  𝑚 = 2.25, Ω = 1.42), (𝑛 = 4;  𝑚 =
2.86, Ω = 1.35), (𝑛 = 5;   𝑚 = 3.47, Ω = 1.30)). 

 

Fig.5-1 shows the cooperative spectrum sensing performance without diversity reception over 

n*Rayleigh fading channels. The figure compares the performance results-based the exact PDF 

(5.5) with that of the approximate PDF (5.7) under perfect reporting channels. In this case, we set 

𝑘 = 500 and the accuracy of analysis improves as the value of 𝑘 increases. As observed from 

Fig.5-1, the detection performance-based the approximate PDF is closely fits the analytical results-

based the exact PDF. The larger the value of 𝑛 is, the higher accuracy will be [15]. Furthermore, 

we can see that, increasing 𝑛 would result in missing the presence of the primary user, which leads 

to increase the interference to licensed users. Therefore, CSS is more attractive in practical 

scenarios as 𝑛 increases.    

     Fig.5-2 shows the effect of MRC diversity scheme on the cooperative spectrum sensing 

performance over n*Rayleigh fading channels. In this scenario, we analyze the system 

performance under imperfect reporting channels. As clearly observed from this figure, MRC 

scheme has a positive impact on the probability of missed detection 𝑄𝑚 compared to the no-

diversity system. In particular, there is an obvious diversity gain, about one order of magnitude for 

all values of 𝑛, and this gain starts to decrease as 𝑛 increases. Further, when the false alarm 

probability reaches to a threshold (i. e,  𝑄𝑓 ≥ 𝑀𝑃𝑒) [103], the probability of missed detection 𝑄𝑚 
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Fig.5-2. Complementary ROC curves for cooperative spectrum sensing with MRC 

diversity reception over n*Rayleigh fading and imperfect reporting channels (𝐿 = 3, 𝛾̅ =
10dB, 𝑢 = 5). 

 

tends to one, which leads to deteriorate the detection performance. In general, MRC diversity 

scheme can bring additional gain to CSS when the probability of false alarm  𝑄𝑓 is considered, in 

such a way that CSS keeps the 𝑄𝑓 minimal rather than increasing the number of cooperative users, 

which results in increasing the probability of false alarm and low spectrum utilization as observed 

in [103].  

 

5.6   Conlcusion  

In this letter, we have studied the performance of an energy detector over n*Rayleigh fading 

channels. Approximate expressions of the average detection probability are derived for both the 

no-diversity and receive diversity schemes. The performance of cooperative spectrum sensing has 

been further investigated with and without imperfect reporting channels. The results indicate that 

the probability of detection deteriorates when the fading severity parameter  𝑛 increases. Finally, 

we have demonstrated that the underlying CSS scheme with diversity reception improves the 

sensing diversity order but this improvement is limited under imperfect reporting channels.  
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Abstract 

In this paper, we investigate the performance of multiple-input multiple-output techniques in a 

vehicle-to-vehicle (V2V) communication system. We consider both transmit antenna selection 

with maximal-ratio combining and transmit antenna selection with selection combining. The 

channel propagation model between two vehicles is represented as n*Rayleigh distribution, which 

has been shown to be a realistic model for V2V communication scenarios. We derive tight 

analytical expressions for the outage probability and amount of fading of the post-processing 

signal-to-noise ratio. Furthermore, we derive closed-form expressions for the symbol error 

probability. Numerical results show that the underlying schemes offer a maximum diversity order 

of (𝑚 𝑛𝑇 𝑛𝑅 𝑛⁄ ), where 𝑚 and 𝑛 are the fading severity parameters respectively, and 𝑛𝑇 , 𝑛𝑅  are 

the number of transmit and receive antennas respectively. 

Index Terms: Antenna selection, TAS, MRC, diversity, MIMO, n*Rayleigh fading channels, V2V 

communications.  

 

6.1 Introduction  

Vehicle-to-vehicle (V2V) communication systems have received considerable attention in recent 

years due to the urgent need to develop a new road safety strategy. Such systems are expected to 

resolve many transportation problems and reduce fatalities and serious injuries caused by road 

collisions. Future developments are expected in this field by using multiple antennas (MIMO) at 

transmit and receive ends to enhance channel capacity and diversity (reliability) [4],[5], since 

multiple antenna elements can easily be placed on the large vehicle surface [6]. To exploit the 

maximum transmit and receive diversity of MIMO systems, transmit antenna selection with 

maximal-ratio combining (TAS/MRC) scheme was proposed by [17], as a prospective solution to 

provide a power efficient and low computational complexity, while maintaining the full diversity 

gain as conventional MIMO systems [104],[105]. The main advantage of TAS/MRC scheme is to 

reduce hardware cost due to RF chains required to transmit antennas [106]. By selecting only one 

transmit antenna that provides the highest post-processing signal-to-noise ratio (SNR), the 

feedback overhead of channel state information (CSI) at the transmitter is effectively minimized 

compared to conventional MIMO systems. In this case, a single RF chain can be used at the transmit 
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side regardless of the number of transmit antennas. To further reduce the number of expensive RF 

chains at the receive side, the transmit antenna selection with selection combining (TAS/SC) is 

implemented to select a single transmit and receive antenna, in which a single RF chain is used at 

both terminals.   

   The performance analysis of TAS/MRC scheme has been extensively studied in the literature 

(see, e.g., [50],[51] and the references therein), most of these works were focused on classical 

Rayleigh or Nakagami distributions, which is limited to fixed-to-mobile cellular radio channels. 

Therefore,  n*Rayleigh distribution was proposed as an accurate statistical keyhole propagation 

model for mobile-to-mobile scenario where both the transmitter and receiver are in motion and 

typically use the same antenna height, resulting in two or more independent Rayleigh fading 

processes generated by independent groups of scatterers around the two mobile terminals [10]. 

Specifically, n*Rayleigh fading channel is defined as a product of n independent identically 

distributed complex Gaussian random variables connected via narrow pipes and its probability 

density function (PDF) is given in [12]. On the receiver side, the received amplitude is evaluated 

as a product of Rayleigh random variables. For the case of double-Rayleigh fading channel model 

(𝑛 = 2), the distribution function was considered in [107]. The recent studies have proved that 

n*Rayleigh fading is an appropriate keyhole channel model for V2V communication [28].  

   There are some contributions that have considered MIMO systems over the keyhole channels. 

However, all reported results mainly focused on double-Rayleigh/Nakagami fading channels. For 

instance, in [59], the authors analyzed the average symbol error rate (SER) for MIMO-orthogonal 

space-time block codes (STBCs) scheme in the presence of keyhole channels which are 

characterized by double Nakagami-m fading channels. The results showed that the keyhole 

channels significantly degrade the SER for MIMO-STBC scheme. The maximum special diversity 

gain was obtained for keyhole MIMO-STBC channels in [108]. The authors in [60] investigated 

the outage capacity distribution of spatially correlated keyhole MIMO channels with perfect 

knowledge of the CSI at the receiver and with/or without CSI at the transmitter. The measurements 

showed that if the number of antennas is small, the outage capacity decreases with correlation. On 

the other hand, if the number of antennas is large, the keyhole channel is equivalent to Rayleigh 

fading channels. In [61], the exact and approximate closed-form expressions were determined for 

the level crossing rate and the average fade duration of double Nakagami-MIMO channels. In [62], 

the authors investigated the performance of MIMO-STBC systems over generalized-K fading 
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channels. In this work, exact analytical expressions were derived for the outage probability, the 

symbol error probability and average channel capacity. In [109], closed-form expressions for the 

ergodic mutual information over uncorrelated keyhole MIMO channels were derived. In [110], the 

authors investigated the outage capacity of multi-keyhole MIMO channel model, taking into 

account the impact of correlation and the number of keyholes/antennas on the system performance. 

The results showed that if the number of keyhole channels and/or the number of antennas is large, 

there is an equivalent Rayleigh fading channels, in which the outage capacity of both channels is 

asymptotically equal. In [71], the authors investigated the maximum diversity order for a maximum 

ratio combining (MRC) scheme over double-Rayleigh fading channels and  demonstrated that the 

maximum diversity order is equal to the number of receive antennas. In [111], the outage and error 

probabilities were calculated for dual selection combining scheme over cascaded Nakagami fading 

channels.  

   To the best of our knowledge, MIMO systems with antenna selection approaches such as 

TAS/MRC and TAS/SC schemes over n*Rayleigh fading channels have not been studied yet. Thus, 

in this paper, we investigate the performance of MIMO-V2V networks-based the best antenna 

selection approach, considering n*Rayleigh fading channel assumption.  

  Contributions: The main contributions of this paper are summarized as follows:  

1. We derive new approximate closed-form expressions of the outage probability for both 

TAS/MRC and TAS/SC schemes over independent and identically distributed (i.i.d) 

n*Rayleigh random variables.   

2. We derive new closed-from expressions of the moment generating function (MGF) for 

both TAS/MRC and TAS/SC schemes, which are required to compute the symbol error 

probability of M-ary phase shift keying (M-PSK) modulation.  

3. We calculate the approximate amount of fading for the underlying schemes over 

n*Rayleigh fading.      

4.  We demonstrate the maximum achievable diversity order for n*Rayleigh fading channels 

is equivalent to (𝑑 ≈ 𝑚 𝑛𝑇 𝑛𝑅 𝑛⁄ ), which deteriorates by increasing the fading severity 

parameter 𝑛.  

   The rest of this paper is organized as follows. Section 6.2 describes the system and channel model 

of TAS/MRC over n*Rayleigh fading channels. In Section 6.3, we derive the approximate closed-

form expressions for the outage probability, the amount of fading, and the symbol error rate. In 
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Section 6.4, numerical evaluation of our derived expressions is presented. Finally, concluding 

remarks are presented in Section 6.5. 

 

6.2   System Model  

We consider a MIMO-V2V communication system equipped with 𝑛𝑇 transmit and 𝑛𝑅 receive 

antennas and signaling over  a product of n independent circularly complex Gaussian random 

variables, each having a channel coefficient between the i-th transmit antenna and j-th receive 

antenna equivalent to ℎ𝑖𝑗 ≜ ∏ ℎ𝑖𝑗,𝑘
𝑛
𝑘=1  with zero mean and channel variance 𝜎𝑖𝑗

2 for 

𝑖 = 1, 2, … , 𝑛𝑇 , and 𝑗 = 1, 2, … , 𝑛𝑅 . Therefore, |ℎ𝑖𝑗| follows a n*Rayleigh distribution. The input-

output relation for such a system is characterized by the 𝑛𝑅 × 𝑛𝑇 channel transfer matrix 

𝐇 consisting of ℎ𝑖𝑗 channel coefficients and rank 𝑟 ≤ min (𝑛𝑇 , 𝑛𝑅 ). We further assume that all 

underlying channels are quasi-static, which can be justified for V2V communications scenarios in 

rush-hour traffic, as well as the channel matrix H is known at both the transmitter and the receiver. 

Let the (𝑛𝑇 × 1) symbols transmitted vector at the time instant 𝑡 be  𝒙 = [𝑥1, 𝑥2 … . , 𝑥𝑛𝑇 ]𝑇, 

and the (𝑛𝑅 × 1) received signal vector is  𝐲 = [𝑦1, 𝑦2 … . , 𝑦𝑛𝑅 ]𝑇, where the superscript 

denoted by (. )𝑇, is the transpose operator. By writing the received signal in vector form, we have 

𝐲 = √𝑃𝐇𝐱 + 𝐰                                                                         (6.1)                         

where 𝑃 is the total transmit power of the signal, and  𝐰 = [𝑤1, 𝑤2 … . , 𝑤𝑛𝑅 ]𝑇 is a circularly 

symmetric complex-Additive Gaussian noise (AWGN ) vector with zero mean and variance 

𝑁𝑜 , denoted as 𝑤𝑗~𝒞𝒩(0, 𝑁𝑜).i.i.d. 

 

6.2.1    TAS/MRC scheme 

In this approach, a single antenna out of 𝑛𝑇  transmit antennas is selected to maximize the post-

processing SNR (𝛾̅𝑝 = ‖𝐇max‖2(𝑃 𝑁𝑜⁄ )) at the maximal-ratio combining output, where the 

received signal vector can be expressed as  

 

𝐲 = √𝑃𝐇max𝑥 + 𝐰                                                       (6.2) 
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where 𝑥 is the transmit symbol, the squared channel vector norm is defined as   ‖𝐇max‖2 =

argmax
𝑖∈𝑛𝑇 

{‖𝐇𝑖‖
2 = ∑ |ℎ𝑖𝑗|

2𝑛𝑅 
𝑗=1 }, where 𝐇𝑖 is the (𝑛𝑅 × 1) complex channel vector with 

𝑛  independent Rayleigh random variables. Further, the instantaneous SNR at the receiver-MRC 

can be expressed as 𝛾̅𝑖 = ∑ |ℎ𝑖𝑗|
2𝑛𝑅 

𝑗=1 (𝑃 𝑁𝑜⁄ ). Now, we can sort the RVs 𝛾̅𝑖 which follow 

n*Rayleigh distribution in a descending order denoted as  𝛾̅𝑛𝑇 
≥ ⋯𝛾̅𝑖 ≥ ⋯ ≥ 𝛾̅1, such that a 

transmit antenna harmonious with the 𝑛𝑇-th order statistics is selected for the transmission, 

where  𝛾̅𝑛𝑇 
= 𝛾̅𝑝. By assuming {ℎ𝑖𝑗}  are i.i.d random variables with zero mean and variance 𝜎2, 

and using the approximate PDF for n*Rayleigh distribution given as [15] 

 

   𝑓𝑋(𝑥) ≈
𝛽𝑚

𝑛Γ(𝑚)
𝑥𝛼−1𝑒−𝛽𝑥1 𝑛⁄

 ,            𝑥 ≥ 0                                       (6.3) 

 

 

where 𝛼 = 𝑚/𝑛 and  𝛽 = 2𝑚 Ω𝑥 1/𝑛⁄ , the approximate PDF of instantaneous SNR 𝛾̅ at the 

receiver-MRC can be deduced from [93, eq.(7)], to be found as  

 

 𝑓𝛾(𝛾̅) ≈
𝛽𝑀𝑅𝐶

𝑚𝑛𝑅 

𝑛Γ(𝑚𝑛𝑅 )
𝛾̅𝛼𝑀𝑅𝐶−1 exp(−𝛽𝑀𝑅𝐶𝛾̅1 𝑛⁄ )                                      (6.4) 

 

where 𝛼𝑀𝑅𝐶 = 𝑚𝑛𝑅 𝑛⁄ , 𝛽𝑀𝑅𝐶 = 2𝑚𝑛𝑅 Ω(𝑛𝑅 𝛾̅ )
1 𝑛⁄⁄ , and  𝛾̅ = 𝑃𝜎2 𝑁𝑜⁄ , 𝑚 and  Ω are the fading 

severity parameters of n*Rayleigh fading channels given by [15].  

 

𝑚 = 0.6102𝑛 + 0.4263,    Ω = 0.8808𝑛−0.9661 + 1.12 

It is important to mention that the novel approximation for the PDF in (6.1) has been examined in 

[15], by comparing it to the exact PDF derived in [12, eq.(8)]. The results have shown that the new 

approximation has high accuracy in most cases considered. In addition, the approximate PDF is 

easy to calculate and to manipulate compared to the exact PDF. Moreover, in Fig.6-1, Monte-carlo 

simulation is performed to show the accuracy of (4). From Fig.6-1, the approximate PDF is very 

close to simulation results. The larger the value of n is, the higher accuracy will be.  
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Fig.6-1. Comparison between analytical results and Monte-Carlo simulation for the PDF formulated by (6.4) (𝑛𝑅 = 2 

and 106 iterations)  

 

   From (6.4), we can find the approximate cumulative density function (CDF) of instantaneous 

SNR 𝛾̅ with the help of fact that  ∫ 𝑥𝑣−1 exp(−𝜇𝑥) 𝑑𝑥
𝑢

0
= 𝜇−𝑣γ(𝑣, 𝜇𝑢)   [13, eq.(3.381.1)], to be 

  

𝐹𝛾(𝛾̅) ≈
γ(𝑚𝑛𝑅 , 𝛽𝑀𝑅𝐶𝛾̅1 𝑛⁄ )

Γ(𝑚𝑛𝑅 )
                                                    (6.5) 

 

where  γ(𝛼, 𝑥) = ∫ 𝑒−𝑡𝑡𝛼−1 𝑑𝑡 
𝑥

0
 is the lower incomplete gamma function, defined in [80]. 

Consequently, the approximate CDF of the post-processing SNR 𝛾̅𝑝 which is equivalent to the CDF 

of the largest of order statistics 𝛾̅𝑛𝑇 
, can be derived using [112, Sec. 2.1], as 
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𝐹𝛾𝑝
(𝛾̅) ≈ [1 −

Γ(𝑚𝑛𝑅 , 𝛽𝑀𝑅𝐶𝛾̅1 𝑛⁄ )

Γ(𝑚𝑛𝑅 )
]

𝑛𝑇

                                               (6.6) 

 

where  Γ(𝛼, 𝑥) = ∫ 𝑒−𝑡𝑡𝛼−1 𝑑𝑡 
∞

𝑥
 is the upper incomplete gamma function, defined in [24]. Now, 

the approximate PDF of 𝛾̅𝑝 can be easily obtained from (6.6) as 

 

𝑓𝛾𝑝
(𝛾̅) ≈

𝑛𝑇 𝛽𝑀𝑅𝐶
𝑚𝑛𝑅 

𝑛Γ(𝑚𝑛𝑅 )
𝛾̅𝛼𝑀𝑅𝐶−1exp (−𝛽𝑀𝑅𝐶𝛾̅1 𝑛⁄ ) 

               

               × [1 −
Γ(𝑚𝑛𝑅 , 𝛽𝑀𝑅𝐶𝛾̅1 𝑛⁄ )

Γ(𝑚𝑛𝑅 )
]

𝑛𝑇−1

                  (6.7) 

6.2.2    TAS/SC scheme 

In this approach, a single antenna out of 𝑛𝑇 antennas at the transmitter and a single antenna out of 

𝑛𝑅 antennas at the receiver are jointly selected to maximize the post-processing SNR (𝛾̅𝑝 =

|ℎmax|2(𝑃 𝑁𝑜⁄ )) at the receiver terminal, where the received signal can be expressed as 

 

y = √𝑃ℎmax𝑥 + w                                                       (6.8) 

 

where the squared magnitude of the best channel coefficient between two terminals is   |ℎmax|2 =

argmax
𝑖∈𝑛𝑇 ,𝑗∈𝑛𝑅 

{|ℎ𝑖𝑗|
2
}. The instantaneous SNR between the i-th transmit antenna and j-th receive 

antenna can be expressed as 𝛾̅𝑖𝑗 = |ℎ𝑖𝑗|
2
𝑃 𝑁𝑜⁄ . In this case, the RVs 𝛾̅𝑖𝑗 re-arranged in a 

descending order denoted as  𝛾̅𝑛𝑇 𝑛𝑅 
≥ ⋯𝛾̅𝑖𝑗 ≥ ⋯ ≥ 𝛾̅11, in which a single pair of antennas 

corresponding to the 𝑛𝑇 𝑛𝑅 -th order statistics is selected for transmission and reception. Hence, 

the approximate CDF of the post-processing SNR 𝛾̅𝑝 can be found as 

 

𝐹𝛾𝑝
(𝛾̅) ≈ [1 −

Γ(𝑚, 𝛽𝑆𝐶𝛾̅1 𝑛⁄ )

Γ(𝑚)
]

𝑁

                                                    (6.9) 

where  𝛽𝑆𝐶 = 2𝑚 Ω 𝛾̅ 1 𝑛⁄⁄ ,  𝑁 = 𝑛𝑇 𝑛𝑅 . The approximate PDF of 𝛾̅𝑝 can be consequently 
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determined as  

𝑓𝛾𝑝
(𝛾̅) ≈

𝑁𝛽𝑆𝐶
𝑚

𝑛Γ(𝑚)
𝛾̅𝛼𝑆𝐶−1exp (−𝛽𝑆𝐶𝛾̅1 𝑛⁄ )   

 

 × [1 −
Γ(𝑚, 𝛽𝑆𝐶𝛾̅1 𝑛⁄ )

Γ(𝑚)
]

𝑁−1

                              (6.10) 

where 𝛼𝑆𝐶 = 𝑚 𝑛⁄  

6.3    Performance Analysis  

6.3.1   Outage Probability    

The outage probability (𝑃𝑜𝑢𝑡 ≜ 𝐹𝛾𝑝
(𝛾̅𝑜))  of a communication channel can be defined as the 

probability of the post-processing SNR 𝛾̅𝑝 falls below a certain threshold (𝛾̅𝑜 = 2𝑅 − 1), namely   

 

𝑃𝑜𝑢𝑡 = Pr(𝛾̅𝑝 ≤ 𝛾̅𝑜) 

TAS/MRC scheme 

From (6.6), the approximate closed-form expression of the outage probability for TAS/MRC 

scheme can be expressed as 

  

𝑃𝑜𝑢𝑡 ≈ [1 −
Γ(𝑚𝑛𝑅 , 𝛽𝑀𝑅𝐶𝛾̅𝑜

1 𝑛⁄ )

Γ(𝑚𝑛𝑅 )
]

𝑛𝑇

                                           (6.11) 

 

To compute the maximum achievable diversity order, we need to find an asymptotic expression 

for the outage probability at the high SNR regime (i.e., when 𝛾̅ → ∞), using the fact that Γ(𝛼, 𝑥) =

Γ(𝛼) − ∑
(−1)𝑛𝑥𝛼+𝑛

𝑛!(𝛼+𝑛)
∞
𝑛=0  [13, eq.(8.354.2)], which leads to Γ(𝛼, 𝑥) = Γ(𝛼) − 𝑥𝛼 𝛼⁄   when 𝑥 → 0. 

Thus, we can rewrite (6.11) in an asymptotic form as                                    

 

   𝑃𝑜𝑢𝑡 ≈ (
(2𝑚𝑛𝑅 Ω⁄ )𝑚𝑛𝑅  

𝑚𝑛𝑅 Γ(𝑚𝑛𝑅 )
)

𝑛𝑇 

(
𝛾̅𝑜

𝑛𝑅 𝛾̅ 
)

𝑚𝑁
𝑛

+ 𝒪 ((
𝛾̅𝑜

𝑛𝑅 𝛾̅ 
)

𝑚𝑁
𝑛

+1

)                           (6.12) 
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Table 6.1: Coding Gain for TAS/MRC and TAS/SC Schemes with Antenna 

Configuration: 𝑛𝑇 = 2, 𝑛𝑅 = 2 

 

 

 

 

 

Table 6.2: Coding Gain for TAS/MRC and TAS/SC Schemes with Antenna 

Configuration 𝑛𝑇 = 2, 𝑛𝑅 = 3 

 

 

 

 

 

Subsequently, from (6.12), the achievable diversity order can be easily deduced as 𝑑 ≈ 𝑚𝑁 𝑛⁄ , 

with a coding gain equivalent to 

            CG =  [
(𝑚𝑛𝑅 Γ(𝑚𝑛𝑅 ))

1 𝑚𝑛𝑅 ⁄

𝑚𝑛𝑅 Ω⁄ 𝑛𝑅 
1 𝑛⁄

]

𝑛

                                              (6.13) 

 

Note that the coding gain in (6.13) depends only on the fading severity parameters and the number 

of receive antennas regardless the number of transmit antennas.  

TAS/SC scheme 

From (6.9), the approximate closed-form expression of the outage probability for TAS/SC scheme 

can be expressed as  

      𝑃𝑜𝑢𝑡 ≈ [1 −
Γ(𝑚, 𝛽𝑆𝐶𝛾̅𝑜

1 𝑛⁄ )

Γ(𝑚)
]

𝑁

                                                (6.14) 

As a result, at the high SNR values, (6.14) can be rewritten in an asymptotic form as 

 

System Model 

 

Coding Gain (CG) 

𝑛 = 2 𝑛 = 3 𝑛 = 4 𝑛 = 5 

TAS/MRC 1.7018   0.8860   0.4301  0.2008 

TAS/SC 1.4667   0.8809   0.4771  0.2433 

 

System Model 

 

Coding Gain (CG) 

𝑛 = 2 𝑛 = 3 𝑛 = 4 𝑛 = 5 

TAS/MRC 2.0219   0.9969   0.4646  0.2101 

TAS/SC 1.4667   0.8809   0.4771  0.2433 
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𝑃𝑜𝑢𝑡 ≈ (
(2𝑚 Ω⁄ )𝑚 

𝑚Γ(𝑚)
)

𝑁

(
𝛾̅𝑜

𝛾̅ 
)

𝑚𝑁
𝑛

+ 𝒪 ((
𝛾̅𝑜

𝛾̅ 
)

𝑚𝑁
𝑛

+1

)                                    (6.15) 

Notice that from (6.12) and (6.15), both TAS/MRC and TAS/SC schemes offer the same diversity 

order of 𝑑 ≈ 𝑚𝑁 𝑛⁄ , but TAS/SC scheme provides a coding gain equal to  

 

CG = [
(𝑚Γ(𝑚))

1 𝑚⁄

2𝑚 Ω⁄
]

𝑛

                                                         (6.16) 

Note that the coding gain in (6.16) depends only on the fading severity parameters which assumed 

to be fixed during the whole transmission time regardless the number of transmit and receive 

antennas.  

  Table 6.1 and 6.2 compares the coding gain of TAS/MRC scheme and TAS/SC under different 

antenna configurations. As it is noticed from Table 6.1, the coding gain of TAS/MRC scheme 

outperforms that of TAS/SC when 𝑛 = 2 and 3, and gradually decreased when n increases, which 

leads to increase the outage probability of TAS/MRC compared to TAS/SC. In Table 6.2, we study 

the impact of receive antennas on the coding gain when 𝑛𝑇 = 2, 𝑛𝑅 = 4. As observed, TAS/MRC 

has better coding gain when 𝑛 = 2, 3, and 4 (due to the better error performance when 𝑛𝑅 

increases). This means that TAS/MRC scheme works quite well compared to TAS/SC when the 

number of receive antennas is large.  

   Some special cases for the outage probability and diversity order of MIMO-V2V channel 

modeling are summarized in Table 6.3.  

 

6.3.2 Average Symbol Error Rate 

 

In this subsection, we derive the approximate average SER for both TAS/MRC and TAS/SC 

schemes-based the MGF approach. 

 

TAS/MRC Scheme 

To derive the average SER for the considered scheme, we find a closed-form expression for the 

MGF of post-processing SNR 𝜙𝛾𝑝
(𝑠), which is given by 𝜙𝛾𝑝

(𝑠) = 𝑠ℒ {𝐹𝛾𝑝
(𝛾̅); 𝑠}, where ℒ(. ; . ) 
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denotes the Laplace Transform. Using (6.6) and the fact defined in [13, eq.(8.354.1)], the MGF of 

post-processing SNR can be expressed as  

 

                   𝜙𝛾𝑝
(𝑠) ≈ ∑ … ∑ (𝛽𝑀𝑅𝐶𝑠−1

𝑛)
∑ (𝑚𝑛𝑅 +𝑘𝑖)

𝑛𝑇
𝑖=1

∞

𝑘𝑀=0

∞

𝑘𝑖=0

 

× ∏
(−1)𝑘𝑖

𝑘𝑖! (𝑚𝑛𝑅 + 𝑘𝑖)

𝑛𝑇

𝑖=1

Γ (1 + ∑
𝑚𝑛𝑅 + 𝑘𝑖

𝑛

𝑛𝑇

𝑖=1
)               (6.17) 

Although the expression of the MGF in (6.17) enables a numerical evaluation of the symbol error 

probability, but it may not be a practical solution due to the problem of truncation of infinite series;  

thus to have further insight into the SER performance over cascaded Rayleigh fading channels, we 

use the bounds for the incomplete gamma function given in [84, eq.(4.1)], in this case, (6.6) can be 

further simplified to  

𝐹𝛾𝑝
(𝛾̅) ≈ [

𝛽𝑀𝑅𝐶
𝑚𝑛𝑅 𝛾̅𝛼𝑀𝑅𝐶

𝑚𝑛𝑅 Γ(𝑚𝑛𝑅 )
𝑒

−
𝑚𝑛𝑅 

𝑚𝑛𝑅 +1
𝛽𝑀𝑅𝐶𝛾

1
𝑛
]

𝑛𝑇

                                    (6.18) 

Now, using the fact that 𝑒−𝑥 = 𝐺0,1
1,0(𝑥| −

0
), ∀𝑥 and the useful identity defined in [85, 

eq.(07.34.21.0088.01)], the MGF lower-bound can be derived as 

 

                         𝜙𝛾𝑝
(𝑠) ≈

√𝑛𝛽𝑀𝑅𝐶
𝑚𝑁 𝑠−(𝑚𝑁

𝑛
 +1)

(2𝜋)
𝑛−1
𝑛 (𝑚𝑛𝑅 Γ(𝑚𝑛𝑅 ))

𝑛𝑇
 

              × 𝐺1,𝑛
𝑛,1 (𝑠−1 (

𝑚𝑁𝛽𝑀𝑅𝐶

𝑛(𝑚𝑛𝑅 + 1)
)

𝑛

|
−

𝑚𝑁

𝑛
             

 0, . . ,
𝑛 − 1

𝑛
  
)                       (6.19) 

where 𝐺𝑝,𝑞
𝑚,𝑛(∙) is the Meijer-G function defined in [13, eq. (9.301)]. 
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   Average SER of M-PSK: The approximate average SER of M-PSK modulation can be calculated 

using [14] 

𝑃𝑒 =
1

𝜋
∫ Φ𝛾𝑝

(
𝑔𝑃𝑆𝐾

sin2 𝜃
)

𝜋−𝜋
𝑀

0

𝑑𝜃                                                    (6.20) 

 

where 𝑔𝑃𝑆𝐾 = sin2(𝜋 𝑀⁄ ). By substituting (6.19) into (6.20), and assuming  𝜃 = 𝜋 2⁄ , we can 

upper-bound the SER as 𝑃(𝑒) ≤
𝑀−1

𝑀
𝜙𝛾𝑝

(𝑔𝑃𝑆𝐾).  

SystSSystem Model Channel capacity 𝐶(bps/Hz)              Approximate 𝑃𝑜𝑢𝑡 Diversity 

gain 

 

        SISO 

 

𝐶 = log2 (1 +
𝑃

𝑁𝑜

|ℎ11|
2) 

  

    𝑃𝑜𝑢𝑡 ≈ 1 −
Γ (𝑚,

2𝑚
Ω

(
𝛾̅𝑜

𝛾̅ 
)

1 𝑛⁄

)

Γ(𝑚)
 

 

    

    𝑑 =
𝑚

𝑛
 

 

    

        MISO 

 

𝐶 = log2 (1 +
𝑃

𝑛𝑇 𝑁𝑜

‖𝐇‖𝐹
2) 

 

where ‖𝐇‖𝐹
2 = ∑ |ℎ𝑖1|

2𝑛𝑇 
𝑖=1  

 

 

    𝑃𝑜𝑢𝑡 ≈ 1 −
Γ (𝑚𝑛𝑇 ,

2𝑚𝑛𝑇 

Ω
(
𝛾̅𝑜

𝛾̅ 
)

1 𝑛⁄

)

Γ(𝑚𝑛𝑇 )
 

 

 

    𝑑 =
𝑚𝑛𝑇 

𝑛
 

 

   

    SIMO-MRC 

 

𝐶 = log2 (1 +
𝑃

𝑁𝑜

‖𝐇‖𝐹
2) 

where ‖𝐇‖𝐹
2 = ∑ |ℎ1𝑗|

2𝑛𝑅 
𝑗=1  

   

    𝑃𝑜𝑢𝑡 ≈ 1 −
Γ (𝑚𝑛𝑅 ,

2𝑚𝑛𝑅 

Ω
(

𝛾̅𝑜

𝑛𝑅 𝛾̅ 
)

1 𝑛⁄

)

Γ(𝑚𝑛𝑅)
 

 

 

    𝑑 =
𝑚𝑛𝑅 

𝑛
 

 

      

  SIMO-SC 

 

𝐶 = log2 (1 +
𝑃

𝑁𝑜

|ℎ1
max|2) 

where |ℎ1
max|2 = max

𝑗∈𝑛𝑅 

|ℎ1𝑗|
2
 

 

    𝑃𝑜𝑢𝑡 ≈ [1 −
Γ (𝑚,

2𝑚
Ω

(
𝛾̅𝑜

𝛾̅ 
)

1 𝑛⁄

)

Γ(𝑚)
]

𝑛𝑅 

 

   

 

    𝑑 =
𝑚𝑛𝑅 

𝑛
 

Table 6.3: Approximate Outage Probability over MIMO-V2V Channel Model 
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Fig.6-2. SER of TAS/MRC for QPSK modulation type over n*Rayleigh fading 

channels (antenna configuration: 𝑛𝑇 = 2,  𝑛𝑅 = 3) 

 

  Asymptotic Analysis: To get an asymptotic form for the MGF of 𝛾̅𝑝 at the high SNR values where 

(𝛾̅ ≫ 0), we apply the zeroth-order Taylor approximation to (6.18) (where 𝑒−𝑥 ≈ 1 for  𝑥 is 

sufficiently small), and after some algebraic manipulations, the SER of binary phase shift keying 

(BPSK) modulation can be obtained in a simple compact form as 

 

𝑃𝑒 ≤
1

2
[
(2𝑚𝑛𝑅 Ω𝛾̅ 1 𝑛⁄⁄ )

𝑚𝑛𝑅 

𝑚𝑛𝑅 Γ(𝑚𝑛𝑅 )
]

𝑛𝑇 

Γ (1 +
𝑚𝑁

𝑛
)                                       (6.21) 

 

Notice that the diversity order can also be deduced from (6.20) as 𝑑 = 𝑚𝑁 𝑛⁄ .  Fig.6-2 shows the 

average SER for quadrature phase shift keying (QPSK) modulation over n*Rayleigh fading 

channels, and compares the analytical results (i.e., (6.17)) with the proposed bound counterpart 

(6.19). Fig.6-1. demonstrates that the SER improves as 𝑛 decreases, since the diversity gain (𝑑 ≈

𝑚𝑁/𝑛) increases as 𝑛 decreases. Moreover, the slopes of the analytical SER performance curves 

match very well with the lower bound curves over all SNR values and the tightness is improved in 

the high SNR regime, which confirms that our proposed bound is tight. Moreover, the lower the 

value of 𝑛 is, the tighter the proposed bound will be. 
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TAS/SC scheme 

In this scheme, the upper-bound SER can be found by taking the Laplace transform of eq.(6.9). 

Following similar steps for the MGF derivation of TAS/MRC scheme, the MGF lower-bound for 

TAS/SC scheme can be expressed as 

 

                                        𝜙𝛾𝑝
(𝑠) ≈

√𝑛𝛽𝑆𝐶
𝑚𝑁𝑠−(𝑚𝑁

𝑛
 +1)

(2𝜋)
𝑛−1
𝑛 (𝑚Γ(𝑚))

𝑁
 

                                                              × 𝐺1,𝑛
𝑛,1 (𝑠−1 (

𝑚𝑁𝛽𝑆𝐶

𝑛(𝑚 + 1)
)
𝑛

|

−
𝑚𝑁

𝑛
             

 0, . . ,
𝑛 − 1

𝑛
  
)                         (6.22) 

By substituting (6.22) into (6.20), and assuming  𝜃 = 𝜋 2⁄ , we can upper-bound the SER as 𝑃(𝑒) ≤

𝑀−1

𝑀
𝜙𝛾𝑝

(𝑔𝑃𝑆𝐾). 

    Asymptotic Analysis: Here, we analyze the asymptotic SER at the high SNR regime. By referring 

to eq.(6.9) and following similar steps of TAS/MRC scheme, the SER of BPSK modulation can be 

obtained as 

𝑃𝑒 ≤
1

2
[
(2𝑚 Ω𝛾̅ 1 𝑛⁄⁄ )

𝑚

𝑚Γ(𝑚)
]

𝑁

Γ (1 +
𝑚𝑁

𝑛
)                                           (6.23) 

 

Notice that the diversity order of TAS/SC scheme can also be extracted from (6.23) as 𝑑 = 𝑚𝑁 𝑛⁄ . 

6.3.3    Amount of Fading   

In this subsection, we introduce approximate closed-form expressions of the amount of fading (AF) 

for both TAS/MRC and TAS/SC schemes over n*Rayleigh fading channels. In order to evaluate 

the severity of fading at the receiver, we derive the approximate l-th moment of 𝛾̅𝑝, 𝐄[𝛾̅𝑝
𝑙], which 

is used to calculate the fading figure defined by [14] 

 

AF =
var(𝛾̅𝑝

2)

(𝐄[𝛾̅𝑝
2])

2 

where 𝐄[. ] and var(. ),  denote respectively the statistical average and the variance. 
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TAS/MRC scheme 

In this approach, the approximate l-th moment of 𝛾̅𝑝 can be derived from (6.6) with the help of fact 

in [13, eq.(3.326.2)] and the bounds for the incomplete gamma function given in [84, eq.(4.1)], to 

be finally expressed as  

                               𝐄[𝛾̅𝑝
𝑙] ≈

𝑛𝑇𝛽𝑀𝑅𝐶
𝑚𝑛𝑅 

Γ(𝑚𝑛𝑅 )
[

𝛽𝑀𝑅𝐶
𝑚𝑛𝑅 

𝑚𝑛𝑅 Γ(𝑚𝑛𝑅 )
]

𝑛𝑇−1

      

 

          ×
Γ(𝑚𝑁 + 𝑛𝑙)

[𝛽𝑀𝑅𝐶 (1 + 𝑚𝑛𝑅 (𝑛𝑇−1)
𝑚𝑛𝑅 +1

.)]
𝑚𝑁+𝑛𝑙                                  (6.24) 

 

By determining the first and the second moment of 𝛾̅𝑝, we can calculate the AF lower bound of the 

considered scheme.  

   Special Case: For the SIMO-MRC channel model, (6.24) can be rewritten in a simple compact 

form as 

𝐄[𝛾̅𝑝
𝑙] ≈

Γ(𝑚𝑛𝑅 + 𝑛𝑙)

Γ(𝑚𝑛𝑅 )𝛽𝑀𝑅𝐶
𝑛𝑙  

yielding to 

AF ≈
Γ(𝑚𝑛𝑅 )Γ(𝑚𝑛𝑅 + 2𝑛)

Γ2(𝑚𝑛𝑅 + 𝑛)
− 1                                               (6.25) 

TAS/SC scheme 

In this approach, the approximate l-th moment of 𝛾̅𝑝 can be derived from (6.9) as  

 

   𝐄[𝛾̅𝑝
𝑙] ≈

𝑁𝛽𝑆𝐶
𝑚

Γ(𝑚)
[

𝛽𝑆𝐶
𝑚

𝑚Γ(𝑚)
]

𝑁−1

 
Γ(𝑚𝑁 + 𝑛𝑙)

[𝛽𝑆𝐶(1 + 𝑚(𝑁−1)
𝑚+1

.)]
𝑚𝑁+𝑛𝑙                                (6.26) 

 

By computing the first two moments, we can calculate the approximate AF of the underlying 

scheme.  

   Special Case: For the SISO channel model, eq.(6.26) can be rewritten in a simple compact form 

as                                                                

𝐄[𝛾̅𝑝
𝑙] ≈

Γ(𝑛𝑙 + 𝑚)

Γ(𝑚)𝛽𝑆𝐶
𝑛𝑙         
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yielding to 

       AF ≈
Γ(𝑚)Γ(𝑚 + 2𝑛)

Γ2(𝑚 + 𝑛)
− 1                                                   (6.27) 

 

In this case, for the classical Rayleigh distribution (𝑛 = 1), the corresponding AF is equivalent to 

AF ≈ 1. As observed from (6.25) and (6.27), the fading figure over n*Rayleigh is more severe than 

that of classical Nakagami-m fading with AF = 1 𝑚⁄  and Rice model with  AF =

(1 + 2𝐾) (1 + 𝐾)2⁄ . In addition, TAS/MRC scheme outperforms TAS/SC in reducing the 

amplitude of fading at the receiver, the more the number of receive antennas, the less the amount 

of fading is achieved. 

 

6.4   Numerical Results 

In this section, we present numerical results of the approximate outage probability and the symbol 

error probability for both TAS/MRC and TAS/SC schemes over n*Rayleigh fading channels.  

   Fig.6-3 compares the performance of the outage probability of TAS/MRC and TAS/SC schemes 

with antenna configuration  𝑛𝑇 = 2,  𝑛𝑅 = 3. We assume the fading severity parameters, 𝑛, takes 

the values 𝑛 = 2, 3, 4 and 5. In general, as observed from Fig.6-3, the outage performance of both 

schemes deteriorates by increasing the fading severity parameter 𝑛, confirming our observations 

that the diversity order (𝑑 ≈ 𝑚 𝑁 𝑛⁄ ) decreases when 𝑛 increases. In addition, TAS/MRC scheme 

outperforms TAS/SC scheme for 𝑛 = 2 and their performance are matched for 𝑛 = 3, but the 

performance of TAS/SC scheme surpasses TAS/MRC in the cases of  𝑛 = 4 and 5; therefore, the 

outage performance for  𝑛 ≥ 4  can be improved when TAS/SC is employed. This is due to the fact 

that TAS/SC achieves better coding gain for  𝑛 ≥ 4 .    
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Fig.6-3. Outage probability of TAS/MRC and TAS/SC schemes over n*Rayleigh fading 

channels (antenna configuration: 𝑛𝑇 = 2,  𝑛𝑅 = 3) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6-4. Outage probability of TAS/MRC and TAS/SC schemes over n*Rayleigh fading 

channels (antenna configuration: 𝑛𝑇 = 3,  𝑛𝑅 = 2) 
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Fig.6-5. SER of TAS/MRC and TAS/SC schemes for QPSK modulation over 

n*Rayleigh fading channels (antenna configuration: 𝑛𝑇 = 2,  𝑛𝑅 = 3) 

 

In Fig.6-4, both schemes are equipped with 𝑛𝑇 = 3, 𝑛𝑅 = 2. It’s noted from the figure that by 

increasing the number of transmit antennas, the SNR gap between both schemes decreases for 𝑛 =

2, compared to the case of  𝑛𝑇 = 2,  𝑛𝑅 = 3. On the other hand, TAS/SC scheme has shown to 

provide better performance for 𝑛 ≥ 3, which implies that the increase in the number of transmit 

antennas corresponds to the performance enhancement of TAS/SC scheme over TAS/MRC 

scheme.  

     In Fig.6-5, we analyze the upper-bound SER for both TAS/MRC and TAS/SC schemes over 

QPSK modulation. Specifically, Fig.6-5 shows the average SER of TAS/MRC scheme (6.19) for 

QPSK modulation against the average SER of TAS/SC scheme (6.22). Generally, the diversity 

order of both schemes decreases when 𝑛 increases. Further, the performance of TAS/MRC scheme 

is better than that of TAS/SC scheme for 𝑛 = 2 and 3, and less for 𝑛 = 4 (due to the performance 

of TAS/MRC is limited as 𝑛 increases).   
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6.5   Conclusion  

In this paper, we have examined the performance of reduced-complexity systems-based transmit 

and receive diversity over n*Rayleigh fading channels. In particular, the performance of TAS/MRC 

and TAS/SC schemes have been investigated over n*Rayleigh distribution. Novel closed-form 

expressions have been derived for the outage probability, the symbol error probability, and the 

amount of fading. Our diversity order analysis shows that the maximum diversity order of 

(𝑚 𝑛𝑇 𝑛𝑅 𝑛⁄ ) is achieved for both schemes. In addition, our numerical results shows that 

TAS/MRC offers a better performance than TAS/SC scheme when the number of receive antennas 

is more than that of transmit antennas, but its performance is limited as 𝑛 increases. To sum up, 

our system model can acquire a good cost-performance tradeoff for V2V communications systems 

when the number of RF chains is limited.   
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CHAPTER 7 GENERAL DISCUSSION 

The work presents in this thesis represents several novel schemes and approaches for intervehicular 

communications systems over cascaded Rayleigh fading channels. In general, the main 

contributions of this thesis are threefold. First, we investigated the performance degradation of 

relay selection and multihop networks in terms of the outage probability, the symbol error rate, the 

amount of fading, and the average channel capacity. We further investigated the system 

performance when the power allocation is considered. Second, we considered the problem of 

energy detection of unknown signals over cascaded Rayleigh fading channels. Novel tight 

approximation were derived for the probability of detection with/without MRC diversity reception. 

Furthermore, we studied the probability of detection when CSS approach is considered 

with/without imperfect reporting channels. Third, we discussed various schemes-based transmit 

antenna selection approach with both MRC and SC diversity reception. Approximate closed-form 

expressions were derived for the outage probability, the amount of fading and the symbol error 

probability.   

   In particular in Chapter 2 we investigated the performance of IVC systems with DF relay 

selection approach. We proposed and analyzed new approximate closed-form expressions for the 

outage probability, the symbol error probability and the average channel capacity over n*Rayleigh 

fading channels. From our numerical results, we showed that the outage and error probabilities are 

increased by increasing the cascading order n and decreased by increasing the number of 

cooperating nodes between the source and the destination. In other words, the maximum achievable 

diversity order for n*Rayleigh fading channels (𝑑 ≈ 𝑚𝑁 𝑛⁄ ) is reduced by increasing the cascading 

order 𝑛 and is improved by increasing the number of relays (N). In addition, we showed that the 

underlying scheme with double Rayleigh fading channels (𝑛 = 2) has better channel capacity than 

that of cascading Rayleigh fading channels (𝑛 > 2) due to the fact that the maximum data rate of 

communication over 𝑛 = 2 can be attained with a smaller error probability compared to 𝑛 > 2. This 

work also proposed a power allocation scheme to optimize the overall transmit power between the 

source and the best relay when statistical channel state information is available at the source. In 

particular, we studied the outage performance over highly unbalanced channel links between the 

source and the selected relay and the destination. We showed that the power allocation mode 

devotes larger power to the weaker link to reduce the overall outage probability, and the power 
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allocation ratio converges to 0.5 when 𝑛 = 4, which means that no optimization is required for 

power when 𝑛 ≥ 4. In this case, the EPA mode is used instead of the PA mode to achieve the 

minimum outage probability. 

   In Chapter 3, we discussed AF-relay selection in IVC systems. We obtained approximate closed-

form expressions for the outage and error probabilities. We showed that the maximum achievable 

diversity order for the selective AF relaying scheme is equivalent to that of the selective DF 

relaying in the high SNR regime. Furthermore, we showed that the cooperative diversity systems 

can play a major role in enhancing the dynamic range of the measurement devices. For example, 

when the outage probability is assumed at 𝑃𝑜𝑢𝑡 = 10−3, the required minimum SNR levels for 

receiving undistorted signal are 12.30, 16.67, 20.36, and 23.77 dB for 𝑛 = 1,2,3,4, respectively. A 

radio receiver with limited dynamic range will lead to amplitude distortion.  

  In Chapter 4, we investigated the performance of multihop-IVC systems under n*Rayleigh 

distribution, using regenerative and non-regenerative relays with MRC diversity reception to 

transfer the source message to the destination. In this work, we derived new closed-form 

expressions for the outage probability and amount of fading. Our numerical results showed that 

regenerative systems have better outage performance than that of non-regenerative systems as the 

cascading order n decreases and the difference between two system performance starts decreasing 

gradually as n increases. This leads us to the conclusion that nonregenerative systems with diversity 

reception can enhance the performance without increasing complexity of system design. In 

addition, from our analysis we showed that the overall amount of fading becomes larger when the 

diversity reception is employed, which assist in the design of receivers with n*Rayleigh fading. 

We further analyzed the power allocation when perfect statistical channel state information is 

available at the source and regenerative relays. The results showed that optimizing the power for 

diversity reception systems can provide a significant performance gain in comparison with the EPA 

mode.  

    In Chapter 5, we discussed the problem of energy detection of unknown signals for IVC systems 

over n*Rayleigh fading channels. Particularly, we discussed the hidden terminal problem which 

occurs when the cognitive radio user is hidden in severe multipath fading while the primary user is 

operating in the vicinity. In this regard, we invoked the approach of cooperative spectrum sensing 

with and without MRC diversity reception to enhance local spectrum sensing, as well as we 

examined the considered scheme under various channel constraints in case of perfect and imperfect 
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reporting channels. By doing so, we derived accurate approximate closed-from expressions for the 

probability of detection with and without MRC diversity reception. The numerical results showed 

that: 1) the detection performance-based the approximate PDF is closely fits the analytical results-

based the exact PDF. The larger the value of 𝑛 is, the higher accuracy will be. 2) Increasing the 

cascading order 𝑛 would result in missing the presence of the primary user. 3) CSS is more 

attractive solution as the cascading order n increases. 4) MRC diversity scheme with imperfect 

reporting channels has a positive impact on the probability of missed detection compared to the 

no-diversity systems. 5) MRC scheme can bring additional gain to CSS when the probability of 

false alarm is considered, in which CSS keeps the false alarm probability minimal rather than 

increasing the number of cooperative partners, which results in increasing the probability of false 

alarm.  

   Finally, Chapter 6 introduced various schemes based on reduced-complexity diversity systems 

such as TAS/MRC and TAS/SC schemes with n*Rayleigh fading. General analytical expressions 

were derived for the outage probability, the symbol error rate, and the amount of fading. We 

performed Monte-Carlo simulation to validate the accuracy of our proposed approximate PDF of 

the output SNR at MRC receiver. From our analysis, the approximate PDF is very close to 

simulation results. The larger the value of n is, the higher accuracy will be.  In addition, the results 

showed that the maximum achievable diversity order for both TAS/MRC and TAS/SC schemes is 

equivalent to (𝑑 ≈ 𝑚 𝑛𝑇 𝑛𝑅 𝑛⁄ ) which deteriorates by increasing the cascading order 𝑛 and 

improves by increasing the number of transmit and/or receive antennas. Further, TAS/MRC offers 

a better performance gain than TAS/SC scheme when the number of receive antennas is more than 

that of transmit antennas, but its performance is limited as 𝑛 increases. We also introduced some 

special cases for the outage probability and diversity order over MIMO-V2V channel model such 

as SISO, MISO, SIMO-MRC and SIMO-SC schemes. In this work, tight performance bound for 

the SER was derived and we showed that the tightness is improved in the high SNR regime. The 

lower the value of 𝑛 is, the tighter the proposed bound will be. Moreover, our analysis revealed 

that TAS/MRC scheme outperforms TAS/SC in reducing the amplitude of fading at the receiver, 

the more the number of receive antennas, the less the amount of fading is achieved.          
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CHAPTER 8 CONCLUSION AND FUTURE WORK         

In this chapter, we first present the main contributions of this thesis. Then we discuss the limitations 

of our study and the appropriate solutions for combating these limitations. Finally, we discuss some 

potential extensions to our work.   

8.1 Research Contributions  

This thesis has explored several novel schemes and approaches for the use of cooperative and 

antenna diversity in inter-vehicular communications systems. To the best of our knowledge, 

cooperative IVC systems with relay and antenna selection over n*Rayleigh fading channels (i.e., 

𝑛 ≥ 2) have not been studied yet. Hence, it is the aim of this work to fill this research gap and 

investigate the performance of cooperative IVC systems in n*Rayleigh fading. Five schemes have 

been introduced, demonstrated and optimized analytically. The main contributions to these 

schemes are summarized as follows: 

1. Approximate closed-form expressions for the outage probability for selective DF and AF 

relaying schemes with n*Rayleigh fading were derived. Also, we introduced a new lower-

bound expression for the MGF which is used to compute the symbol error probability of 

M-PSK modulation. We further derived an asymptotic expression for the average channel 

capacity for S-DF relaying scheme. Our analysis and numerical results showed that the 

maximum achievable diversity order of (𝑑 ≈ 𝑚𝑁 𝑛⁄ ) is achieved for both the underlying 

schemes, and is inversely proportional to the cascading order 𝑛. Furthermore, our results 

confirmed that transmit power allocation optimization is required for IVC systems when 

the cascading order 𝑛 < 4. However, from our practical standpoint, this will be an attractive 

solution for design engineers when the PA mode is taking place over cascaded Rayleigh 

fading channels.  

2. For the scheme-based multihop transmission with a regenerative and non-regenerative 

relay, we derived a new approximate closed-form expression for the outage probability over 

n*Rayleigh fading channels. Our analysis showed that a non-regenerative system can 

improve the outage performance close to that of a regenerative system when the cascading 

order 𝑛 is high. Also, the multihop scheme with diversity combining systems can 

substantially reduce the overall amount of fading over cascaded Rayleigh fading channels 
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compared to no-diversity reception. Furthermore, optimizing the power for MRC diversity 

reception can provide a significant performance gain in comparison with the EPA mode. 

3. In order to solve the hidden terminal problem due to n*Rayleigh fading channels, we 

employed CSS scheme with MRC diversity reception to overcome such kind of problems. 

In this scenario, we analyzed the energy detection over n*Rayleigh fading channels (i.e,𝑛 >

2) when CSS is employed with/without MRC diversity combining, which to the best of our 

knowledge, has not been studied before. We also investigated the system performance when 

CSS is considered with/without imperfect reporting channels. In this context, we derived 

novel tight approximations for the probability of detection for the no-diversity and MRC 

diversity schemes. We showed that the detection probability of primary user signal 

deteriorates as the cascading order n increases. By using MRC systems for energy detection, 

the sensing diversity order is improved effectively but this improvement is limited under 

imperfect reporting channels.  

4. The new schemes being developed for MIMO-VTV channel modeling acquired a good 

cost-performance tradeoff for V2V communications when the number of RF chains is 

limited. In this study, we considered both transmit antenna selection with MRC and transmit 

antenna selection with SC over n*Rayleigh fading channels. We derived tight analytical 

expressions for the outage probability and amount of fading of the post-processing SNR. 

Moreover, we derived closed-form expressions for the SER of M-PSK modulation. Our 

numerical results showed that both TAS/MRC and TAS/SC schemes achieve the same 

diversity order of (𝑑 ≈ 𝑚 𝑛𝑇 𝑛𝑅 𝑛⁄ ). By increasing the number of receive antennas, 

TAS/MRC can achieve a better outage performance than TAS/SC scheme but the 

performance improvement is limited by increasing the cascading order n.    

 

8.2 Research Limitations  

In this section, we present our research limitations as follows: 

1. The significant limitation of the S-DF relaying scheme lies in deriving a closed-form 

expression for the MGF of effective SNR received by the destination. Since the fading 

parameter m is a real-valued parameter, it is challenging to derive a closed-form expression 

for the MGF with a finite sum representation. Therefore, using the bounds for the lower 
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incomplete gamma function given by the CDF of instantaneous SNR, we simplified our 

derivation for the MGF and obtained a compact expression for the SER accordingly.    

2. Derivation of less cumbersome expression for the average channel capacity is also another 

limitation for the S-DF relaying scheme since the fading parameter m takes real values. 

Hence, for simplicity we derived the average channel capacity for the underlying scheme 

in the high SNR regime.    

3. For the selective AF relaying scheme under n*Rayleigh distribution, derivation of the 

outage probability based on the effective end-to-end instantaneous SNR does not lend itself 

well to a closed-form solution. Therefore, we upper-bounded the effective received SNR to 

find a simple closed-form expression for the outage probability. In addition, finding a 

closed-form expression for the SER based on the total harmonic SNR is highly complex 

due to the Meijer G-function given by the CDF. For this reason, we invoked the outage 

probability lower-bound to evaluate the SER over n*Rayleigh random variables. 

4. Evaluating the power allocation mode for multihop-IVC systems with non-regenerative 

relays is also considered a challenge since the outage probability lower bound is expressed 

by Meijer G-function. Thus, in this study we just analyzed the outage behavior for 

regenerative systems over n*Rayleigh fading channels.  

5. With respect to analysis of the energy detection over n*Rayleigh fading channels, we used 

an asymptotic solution for the generalized Marqum-Q function which was given in a finite 

series representation. Unfortunately, this solution depends on the truncation of infinite 

series after k terms and the accuracy of detection probability improves when k increases.  

6. Evaluating the SER for TAS/MRC scheme may not be a practical solution due to the 

truncation of infinite series given in the MGF of post-processing SNR. Thus, to have further 

insight into the performance of TAS/MRC scheme, we upper-bounded the CDF of post-

processing SNR, which in its turn leads to simplify the analysis of SER.   

 

8.3 Direction for Future Work 

There are several directions for future research which are summarized as follows: 
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1. Cooperative IVC systems with multiple sources   

In Chapter 2 and 3, we focused on cooperative communications scenario where each user acts as 

the source at any instant time while the other users serve as relays. In multiuser systems [2], 

multiple sources share the same set of relays to transfer their messages to multiple destinations.  In 

this case, all sources may access the cooperative channel simultaneously, and therefore it is 

important to devise new algorithm to properly allocate radio resources at the relays. By using 

Round-Robin scheduler as one of the simplest Time Division Multiple Access (TDMA) strategies, 

the sources take turns in accessing the relays to achieve high diversity gain over n*Rayleigh fading 

channels. Another TDMA scheduling scheme can be employed in this scenario, which is 

called ‘opportunistic scheduler’ where the scheme dynamically select the best source that has the 

highest SNR at its destination to transmit in each time slot. In this study, one can investigate the 

outage probability and diversity order achieved by both schemes.       

2. MIMO-V2V schemes with multihop transmission 

The work in Chapter 4 investigated the performance of multihop-IVC systems with MRC diversity 

reception over n*Rayleigh fading channels. Future work can increase the complexity of 

transmitters and receivers to examine the effect of MIMO systems on the performance of multihop-

IVC in terms of the outage and error probabilities, and the ergodic capacity. In this context, it is 

expected to obtain high diversity order compared to MRC diversity schemes.  In addition, it is 

recommended to analyze the waterfilling power allocation among transmit antennas under the 

assumption of full CSI to improve the long-term system throughput. In this scenario, one can also 

distribute the power between the source and relays to minimize the end-to-end outage probability.   

3. Analytic solution to a Marqum-Q function over n*Rayleigh fading channels 

In Chapter 5, we used an asymptotic solution for the generalized Marqum-Q function to evaluate 

the average probability of detection over n*Rayleigh fading channels. However, this solution 

depends on the truncation of infinite series after k terms to reach the required level of accuracy. 

Thus, the future work in this area should be dedicated to derive another tractable analytic solution 

for the integral which involves the generalized Marqum-Q function in combination with an 

exponential function given in [113], which allows to find another accurate closed-form expression 

for the energy detection over n*Rayleigh fading channels.  
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4. Effect of outdated CSI on Dual-Hop AF-MIMO systems with antenna selection 

In this thesis, we investigated the performance of both TAS/MRC and TAS/SC schemes (point-to-

point link scenario) over n*Rayleigh fading channels. Since various wireless communications 

applications use the cooperative diversity concept to extend system coverage and/or improve 

spectral efficiency, our results can be extended to dual-hop AF-MIMO systems with antenna 

selection scenario, taking into consideration the imperfect CSI occurred between the source and 

destination. However, in practice, the CSI used for antenna pair selection at the source and relay 

can be imperfect due to the effect of feedback delay and channel estimation error, which in its turn 

leads to severe performance degradation. In this regard, it is recommended to investigate the impact 

of outdated CSI on the performance of both TAS/MRC and TAS/SC scheme. 

5. MIMO-V2V Testbed: Implementation and Measurements 

 

Another open research area is to validate our analysis by real measurements, and to provide a 

dedicated environment for experimental research in the field of intelligent transportation systems 

that can offer a significant enhancement in safety and operational efficiency. Therefore, it is 

interesting to develop a real-time testbed  measurements that enable the rapid prototyping of 

MIMO-V2V schemes based on the field programmable gate arrays (FPGAs) development boards 

to process larger data with a few clock cycle. Cascaded Rayleigh scattering measurements should 

be performed in cities and highway scenarios under varying distances and velocities. In addition, 

different antenna deployment mechanisms can be implemented at a carrier frequency of 5.9 GHz 

and the radio link quality can be analyzed in terms of the BER and outage probability.  
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APPENDIX A – PROOF OF PROPOSITION: PDF AND CDF OF THE 

HARMONIC MEAN OF TWO GAMMA RVS FUNCTIONS 

 

In this appendix, we prove the proposition for both the PDF and CDF of the harmonic mean 

of two gamma RVs as given in (3.6) and (3.7) respectively. Following [88], by assuming 

two i.i.d RVs(𝑌1, 𝑌2), where 𝑌1 = 𝑋1

1
𝑛 and 𝑌2 = 𝑋2

1
𝑛 are distributed as 𝑌𝑖~𝒢(𝑛𝛼, 𝛽), 𝑖 =

1,2. Note that the PDF of RV 𝑋 is given by  𝑓𝑋(𝑥) =
𝛽𝑛𝛼

𝑛Γ(𝑛𝛼)
𝑥𝛼−1𝑒−𝛽𝑥1 𝑛⁄

, therefore, using 

[89, Sec.5.2], the RV 𝑌 follows a gamma distribution with the PDF given by 

𝑓𝑌(𝑦) =
𝛽𝑛𝛼

Γ(𝑛𝛼)
𝑦𝑛𝛼−1𝑒−𝛽𝑦                                               (A − 1) 

To find the PDF of the harmonic mean of 𝑌1 and 𝑌2, and the desire to get closer to a simple 

derivation, we need to define the following two new RVs as   

 

𝑍 = 2𝑌1𝑌2 

          𝑊 = 𝑌1 + 𝑌2                                                          (A − 2) 

As a result, the joint PDF of 𝑍 and 𝑊, 𝑓𝑍,𝑊(𝑧, 𝑤) can be derived by taking the Jacobian 

transformation of (A-2), to be written as 

                                                                     

                                        𝑓𝑍,𝑊(𝑧, 𝑤) =
𝑓𝑌1

(𝑦)𝑓𝑌2
(𝑦)

|J(𝑌1, 𝑌2)|
 

 

          =
(𝛽𝑛𝛼 Γ(𝑛𝛼)⁄ )2

2√𝑤2 − 2𝑧
(
𝑧

2
)
𝑛𝛼−1

𝑒−𝛽𝑤                              (A − 3) 

By assuming, 𝑌 = 𝑍 𝑊⁄ , where 𝑌 = 𝑋
1
𝑛  is the harmonic mean of the two RVs (𝑌1, 𝑌2), the 

PDF of 𝑌 can be derived with the help of [89, Sec. 6.2] as follows 

 

  𝑓𝑌(𝑦) = (
𝛽𝑛𝛼

Γ(𝑛𝛼)
)

2

(
𝑦

2
)
𝑛𝛼−1

∫ 𝑤𝑛𝛼−1
2(𝑤 − 2𝑦)−1

2𝑒−𝛽𝑤 𝑑𝑤                   (A − 4)
∞

2𝑦

  

                                                                                               

Finally, the above integral can be obtained with the help of [13, eq. (3.383.4)] to be 
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expressed as  

 

 𝑓𝑌(𝑦) = [(
𝛽𝑛𝛼

Γ(𝑛𝛼)
)
2

(
𝑦

2
)
𝑛𝛼−1

] 𝛽−(
𝑛𝛼+1

2
)(2𝑦)

𝑛𝛼−1

2 Γ (
1

2
) 𝑒−𝛽𝑦𝑊𝑛𝛼

2
,−

𝑛𝛼

2

(2𝛽𝑦)            (A − 5) 

where 𝑊𝑘,𝜆(. ) is the Whittaker function [13, eq.(9.222)]. Now, using the relationship 

between the Whittaker function and the confluent hypergeometric function given in [80, 

eq. (13.1.33)], eq. (A-5) can be reduced to  

 

𝑓𝑌(𝑦) =
√𝜋𝛽𝑛𝛼

Γ2(𝑛𝛼)
(
𝑦

2
)
𝑛𝛼−1

𝑒−2𝛽𝑦𝑈(
1

2
− 𝑛𝛼, 1 − 𝑛𝛼, 2𝛽𝑦)                             (A − 6) 

 

which agrees with eq.(3.6) and coincides the proof. Moreover, we can rewrite the PDF 

given by (A-5) in terms of the Meijer-G function using the relationship between the 

Whittaker function with the Meijer-G function as [114, eq. (5.6.6)]  

 

𝑓𝑌(𝑦) =
√𝜋𝛽

22(𝑛𝛼−1)Γ2(𝑛𝛼)
𝐺1,2

2,0 (2𝛽𝑦 |
𝑛𝛼 −

1

2
                 

𝑛𝛼 − 1, 2𝑛𝛼 − 1
)                           (A − 7) 

 

Using the [13, eq. (7.811.2)], the CDF of 𝑌 can be extracted as  

 

𝐹𝑌(𝑦) =
√𝜋𝛽  𝑦 

22(𝑛𝛼−1)Γ2(𝑛𝛼)
𝐺2,3

2,1 (2𝛽𝑦 |
0, 𝑛𝛼 −

1

2
                        

𝑛𝛼 − 1, 2𝑛𝛼 − 1,−1 
)                          (A − 8) 

                                                                                              

which agrees with eq.(3.7) and coincides the proof. 
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APPENDIX B – USEFUL IDENTITY 

In this appendix, we present a useful identity as defined in [84] that helps to find the Laplace 

transform of equations (2.23), (3.19), and (6.18).  

 

∫ 𝑥𝛼−1 exp(−𝜎𝑥)
∞

0

𝐺𝑝,𝑞
𝑚,𝑛 (𝜔𝑥

𝑙
𝑘 |

𝑎1, 𝑎2, … , 𝑎𝑝

𝑏1, 𝑏2, … , 𝑏𝑞
)𝑑𝑥  

 

                      =
𝑘𝜇𝑙𝛼−1

2𝜎−𝛼

(2𝜋)
𝑙−1
2

+(𝑘−1)𝑐
 𝐺𝑘𝑝+𝑙,𝑘𝑞

𝑘𝑚,𝑘𝑛+𝑙 (
𝜔𝑘𝑙𝑙

𝜎𝑙𝑘𝑘(𝑞−𝑝)
|
∆(𝑙, 𝛼), ∆(𝑘, (𝑎𝑝))

      ∆(𝑘, (𝑏𝑞))        
) , k ∈ ℕ+, 𝑙 ∈ ℕ+ 

                                                                                               

where 

     ∆(𝑙, 𝛼) =
1−𝛼

𝑙
, … ,

𝑙−𝛼

𝑙
 

     ∆(𝑘, (𝑎𝑝)) =
𝑎1

𝑘
, . . ,

𝑘+𝑎𝑛−1

𝑘
,
𝑎𝑛+1

𝑘
, . . ,

𝑘+𝑎𝑝−1

𝑘
 

     ∆(𝑘, (𝑏𝑞)) =
𝑏1

𝑘
, . . ,

𝑘+𝑏𝑚−1

𝑘
,
𝑏𝑚+1

𝑘
, . . ,

𝑘+𝑏𝑞−1

𝑘
 

     𝜇 = ∑ 𝑏𝑗
𝑞
𝑗=1 − ∑ 𝑎𝑗

𝑝
𝑗=1 +

𝑝−𝑞

2
+ 1, 𝑐 = 𝑚 + 𝑛 −

𝑝+𝑞

2
 




