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Abstract 
 

This paper provides channel modeling and performance 

evaluation study of vehicle-to-vehicle (V2V) and vehicle-to-

infrastructure (V2I) cooperative communications in urban non-

line-of-sight (NLOS) multipath fading environments. The 

proposed model investigates three different scenarios: i) V2V 

communications enabled by parallel cooperative dual-hop 

amplify-and-forward (AaF) vehicle-relaying, ii) V2V 

communications enabled by dual-hop AaF road-side-unit 

(RSU) relaying on one link and direct V2V communications on 

another link, iii)  V2I communications enabled by dual-hop 

AaF vehicle-relaying on one link and direct V2I 

communications on another link. We derive relevant statistics 

for the output signal envelope and related system performance, 

e.g. the level crossing rate and average fade duration for varying 

outage threshold. Numerical results are presented for different 

sets of channel parameters. 

 

1. Introduction 
 

Vehicular wireless networks operate in rapidly time varying 

channels often characterized by increased mobility of all 

vehicular network nodes. The vehicular nodes are on the same 

height and thus waves are exposed to double scattering 

phenomena. The vehicular network channel models that fits 

well with experiments are often modeled as the product of two 

or more random variables (RVs) [1, 3]. Among the last one to 

be proposed for V2V is double generalized gamma (DGG) 

distribution modeled as the product of two α-µ RVs [1]. 

 

On the other hand recent studies have been focused on 

cooperative relaying to improve overall system performances 

[4, 5]. The main purpose of V2V cooperative relaying is to use 

the capabilities of spatial diversity while relying on the existing 

vehicular network nodes. In particular, cooperative relaying 

with selection schemes is studied in [1]. The selection schemes 

are characterized by relatively lower implementation 

complexity what could be of interest in cooperative vehicular 

communications over fading channels, since increased vehicle 

mobility and specific channel environments determine 

additional propagation impairments which often suggest lower 

design complexity of vehicular transceiving systems.  

 

In order to address complex AaF dual-hop V2V fading 

environments by considering more general channel models, we 

examine Level-Crossing-Rate (LCR) and Average-Fade-

Duration (AFD) of V2V dual-hop AaF cooperative vehicle-

relay system with selection combining (SC), modeled as a 

multiple products of two independent but not necessarily 

identical double generalized gamma (DGG) fading processes. 

The performance evaluation of the proposed model extends to 

three different scenarios that include cooperative vehicular 

communications with direct V2V and V2I links. 

 

2. V2V Communications with Vehicle Relay 
 

Figure 1 shows the V2V dual-hop AaF relay system (boxed) as 

well as a cooperative V2V dual-hop AaF relay system model. 

 

Figure 1. Main alternatives for V2V communications with 

mobile relay: AaF dual-hop communications with single 

vehicle relay (boxed) and cooperative AaF dual-hop 

communications with multiple vehicle relays. 

Starting with the V2V dual-hop relay communications, we 

model signal envelope at the output as a product of two DGG 

random processes (𝑧𝑠𝑑1
= 𝑧𝑠𝑟𝑧𝑟𝑑, where the dependence on the 

time 𝑡 is omitted for easier notation throughout the paper). The 

signal envelope from source-vehicle to relay-vehicle (the first 

section) is denoted with 𝑧𝑠𝑟  and modeled as the product of two 

generalized Gamma RVs (𝑧sr = 𝑥sr1
𝑥sr2

)  and the signal 

envelope from vehicle-relay to destination-vehicle (the second 

section) is denoted with 𝑧𝑟𝑑 and modeled as the product of two 

other generalized Gamma RVs, (𝑧𝑟𝑑 = 𝑥rd1
𝑥rd2

).  Further, 

generalized Gamma RVs are expressed by non-linearity 

parameter α and Nakagami-m RVs, 𝑦sr1
, 𝑦sr2

, 𝑦rd1
 and 𝑦rd2

 

[6]: 
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with the following Probability-Density-Functions (PDFs), 

respectively [7]: 
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where 𝑖 = 1,2;  𝑚sr1
 and 𝑚sr2

 are source-relay Nakagami-m 

severity parameters given in (2) while 𝑚rd1
 and 𝑚rd2

 are relay-

destination Nakagami-m severity parameters given in (3). 

Further, source-relay average powers of 𝑦sr1
 and 𝑦sr2

 are Ωsr1
 

and Ωsr2
, respectively, while relay-destination average powers 

of 𝑦rd1
 and 𝑦rd2

  are denoted as Ωrd1
 and Ωrd2

, respectively.  

 

The PDF 𝑝𝑧sd1
(𝑧sd1

) at the output of the considered V2V dual-

hop system can be written as [7]: 
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(4). 

 

The Cumulative-Distribution-Function (CDF) of 𝑧sd1
 can then 

be expressed as [7]: 

 𝐹𝑧sd1
(𝑧sd1

) = ∫ 𝑝𝑧sd1
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𝑧sd1

0

 
(5). 

The LCR 𝑁𝑧sd1
 at the output of V2V AaF dual-hop relay system 

can be expressed by resorting to the general formula [7]:  
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(6). 

We extend the above model to a cooperative dual-hop AaF relay 

network, consisting of N parallel vehicle-relays branches with 

selection combining (SC), according to Figure 1. The CDF 

𝐹𝑧sd

(𝐼)(𝑧sd) at the output of a SC scheme with N independent 

identically distributed (i.i.d) branches is: 

 

 𝐹𝑧sd

(𝐼)(𝑧sd) = (𝐹𝑧sd1
(𝑧sd))

𝑁

 
(7). 

After extensive mathematical manipulations, that are not 

reported here, the LCR 𝑁𝑧sd

(𝐼)(𝑧th) can be finally expressed as a 

function of the variable (outage) threshold 𝑧𝑡ℎ: 

 

 𝑁𝑧sd

(𝐼)(𝑧th) = 𝑁 𝑁𝑧sd1
(𝑧th) (𝐹𝑧sd1

(𝑧th))
𝑁−1

 
(8). 

while the AFD 𝐴𝐹𝐷(𝐼)(𝑧𝑡ℎ)  can be easily obtained as [7]: 

 

 
𝐴𝐹𝐷(𝐼)(𝑍𝑡ℎ) =
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(9). 

3. V2V and V2I Communications with Direct 

V2V and RSU Relay links  

 
This section includes a direct V2V source-destination link as 

well as a fixed road-side-unit (RSU) relay. We then examine 

V2V and V2I communications over SC in scenarios where 

dual-hop AaF relaying is supported by direct V2V and V2I 

communications.   

  

Figure 2. Main alternatives for V2V/V2I communications with 

RSU relay: direct V2V communications (boxed), V2V 

communications assisted by AaF RSU-relay and direct link 

(straight line) and V2I communications assisted by AaF 

vehicle-relay and direct V2I link (dashed line).  

The direct V2V link shown in Figure 2 (boxed) is modeled as 

the product of two generalized Gamma RVs. The signal at the 

output of V2V destination vehicle can be written as the product 

of two α-μ RVs, 𝑥sd1
 and 𝑥sd2

: 
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)

2
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(10). 

where 𝑦sd𝑖
, 𝑖 = 1,2  are Nakagami-m RVs with the following 

PDFs, respectively [7]: 
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(11). 

where 𝑚sd𝑖
, 𝑖 = 1,2 are Nakagami-m severity parameters of the 

first and second RV, respectively, while Ωsd𝑖
, 𝑖 = 1,2 are related 

to the average powers of 𝑦sd𝑖
, 𝑖 = 1,2, respectively. The PDF at 

the output of the direct V2V system, can be expressed as [7]: 

 



 𝑝𝑧sd2
(𝑧sd2

)

= ∫

𝑎
2

𝑧sd2

𝑎
2

−1

𝑦sd2

∞

0

𝑝
𝑦sd1

(
𝑧sd2

𝑎
2

𝑦sd2

) 𝑝𝑦sd2
(𝑦sd2

)𝑑𝑦sd2
 

(12). 

The CDF 𝐹𝑧sd2
(𝑧sd2

) can be expressed by [7]: 
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The LCR 𝑁𝑧sd2
 at the output of V2V AaF dual-hop relay system 

can be calculated using the formula [7]: 
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We examine the V2V over i.i.d dual-branch SC in a scenario 

where dual-hop RSU relaying is assisted by direct V2V link as 

shown in Figure 2 (straight line). 

 
The CDF 𝐹𝑧sd

(𝐼𝐼)(𝑧sd) for the proposed V2V communications 

scenario can be expressed as: 

 

 𝐹𝑧sd

(𝐼𝐼)(𝑧sd) = 𝐹𝑧sd1
(𝑧sd)𝐹𝑧sd2

(𝑧sd) (15). 

The LCR 𝑁𝑧sd

(𝐼𝐼)(𝑧th) can be obtained by the following 

expression [7] and expressed as a function of the variable 

(outage) threshold 𝑧𝑡ℎ: 

 

 𝑁𝑧sd
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Finally, the AFD 𝐴𝐹𝐷(𝐼𝐼)(𝑧𝑡ℎ) is evaluated according to [7]: 
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Moreover, CDF, LCR and AFD of V2I communications with 

RSU relay assisted by AaF dual-hop vehicle-relay on one link 

and direct V2I on another link, shown in Figure 2 (dashed line) 

can be obtained by applying (15), (16) and (17), respectively. 

4. Numerical Results 

This section gives some numerical evaluation of the proposed 

vehicular model scenarios. Table I provides a summary of  

analytical expressions for CDF and LCR of the scenarios 

presented in Figure 1 (boxed) and in the Figure 2 (boxed), 

respectively, which enable us directly to apply equations (7), 

(8) and (9), as well as  (15), (16) and (17), respectively. Exact 

integral-form solutions, presented in Table I are then 

approximated by Laplace approximation formula [3, eq. A.3], 

to obtain the closed form LCR expressions.  

 

Due to motion of source and destination (Figure 2 - straight line 

scenario), the maximal Doppler frequency of the i-th path can 

be expressed as 𝑓𝑚𝑖
= √𝑓𝑚𝑠𝑖

2 + 𝑓𝑚𝑑𝑖

2, 𝑖 = 1, 𝑁, as given in [3, eq. 

43], where 𝑓𝑚𝑠𝑖
 and 𝑓𝑚𝑑𝑖

  are the i-th path maximal Doppler 

frequencies of source and destination, respectively.  Further, we 

assume that 𝑓𝑚 = 𝑓𝑚𝑖
.  
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 Figure 3. LCR of V2V communications over SC of dual-hop 

AaF RSU relay assisted by direct link. 

 

Normalized LCR 𝑁𝑧sd

(𝐼𝐼)(𝑧sd)/𝑓𝑚  and AFD 𝐴𝐹𝐷(𝐼𝐼)(𝑍𝑠𝑑) ∙ 𝑓𝑚 

exact analytical expressions as well as closed form 

approximations for various values of fading severity parameters 

( 𝑚sr1
= 𝜇sr1

, 𝑚sr2
= 𝜇sr2

, 𝑚rd1
= 𝜇rd1

, 𝑚rd2
= 𝜇rd2

 ),  normalized 

values (Ωsr1
= Ωsr2

=  Ωrd1
=  Ωrd2

= 1) as well as for various 

values of V2V direct link parameters (𝑚sd1
= 𝜇sd1

, 𝑚sd2
=

𝜇sd2
), and normalized values (Ωsd1

= Ωsd2
= 1), are shown in 

Figure 3 and Figure 4, respectively. Moreover, the effect of the 

non-linearity parameter, 𝛼  is investigated.  
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Figure 4. AFD of V2V communications over SC of dual-hop 

AaF RSU relay assisted by direct link.

 



Table I. CDF and LCR (derived using [8]) of V2V dual-hop relay link (Figure 1- boxed) and V2V direct link (Figure 2 - boxed).

 
CDF(I) 

Figure 1 
𝐹𝑧sd1

(𝑧sd1
) =

8 

𝛤(𝑚𝑠𝑟1
)𝛤(𝑚𝑠𝑟2

)𝛤(𝑚𝑟𝑑1
)𝛤(𝑚𝑟𝑑2

)
(

𝑚𝑠𝑟1

Ω𝑠𝑟1

)

𝑚𝑠𝑟1

(
𝑚𝑠𝑟2

Ω𝑠𝑟2

)

𝑚𝑠𝑟2

(
𝑚𝑟𝑑1

Ω𝑟𝑑1

)

𝑚𝑟𝑑1

(
𝑚𝑟𝑑2

Ω𝑟𝑑2

)

𝑚𝑟𝑑2

 

× ∫ 𝑑𝑦𝑠𝑟2

∞

0

∫ 𝑑𝑦𝑟𝑑1

∞

0

∫ 𝑦𝑠𝑟2

2𝑚𝑠𝑟2−2𝑚𝑠𝑟1−1𝑦𝑟𝑑1

2𝑚𝑟𝑑1−2𝑚𝑠𝑟1−1𝑦𝑟𝑑2

2𝑚𝑟𝑑2−2𝑚𝑠𝑟1−1
∞

0

𝑒
− (

𝑚𝑠𝑟2
Ω𝑠𝑟2

𝑦𝑠𝑟2
2+

𝑚𝑟𝑑1
Ω𝑟𝑑1

𝑦𝑟𝑑1
2+

𝑚𝑟𝑑2
Ω𝑟𝑑2

𝑦𝑟𝑑2
2)

 

× (
Ω𝑠𝑟1

𝑦𝑠𝑟2

2𝑦𝑟𝑑1

2𝑦𝑟𝑑2

2

𝑚𝑠𝑟1

)

𝑚𝑠𝑟1

γ (𝑚𝑠𝑟1
,

𝑚𝑠𝑟1
𝑧sd1

𝑎

Ω𝑠𝑟1
𝑦𝑠𝑟2

2𝑦𝑟𝑑1
2𝑦𝑟𝑑2

2
) 𝑑𝑦𝑟𝑑2

 

CDF(II) 

Figure 2 𝐹𝑧sd2
(𝑧sd2

) =
(𝑚sd1

− 1)!

𝛤(𝑚sd1
)

 

−
2

𝛤(𝑚sd1
)𝛤(𝑚sd2

)
(

𝑚sd2

Ωsd2

)

𝑚sd2

(𝑚sd1
− 1)! ∑

(
𝑚sd1

𝑧sd2
𝑎

Ωsd1

)
𝑘

𝑘!
(

𝑚sd1
Ωsd2

𝑧sd2
𝑎

𝑚sd2
Ωsd1

)

𝑚sd2−𝑘

2

𝐾𝑚sd2
−𝑘 (2√

𝑚sd1
𝑚sd2

Ωsd1
Ωsd2

𝑧sd2
𝑎)

𝑚sd1−1

𝑘=0

 

 

LCR(I) 

Figure 1 
𝑁𝑧sd1

(𝑧th1) = 𝑓𝑚

8√2𝜋

𝛤(𝑚𝑠𝑟1
)𝛤(𝑚𝑠𝑟2

)𝛤(𝑚𝑟𝑑1
)𝛤(𝑚𝑟𝑑2

)
(

𝑚𝑠𝑟1

Ω𝑠𝑟1

)

𝑚𝑠𝑟1−
1
2

(
𝑚𝑠𝑟2

Ω𝑠𝑟2

)

𝑚𝑠𝑟2

(
𝑚𝑟𝑑1

Ω𝑟𝑑1

)

𝑚𝑟𝑑1

(
𝑚𝑟𝑑2

Ω𝑟𝑑2

)

𝑚𝑟𝑑2

𝑧th1

𝛼
2

(2𝑚𝑠𝑟1−1)
 

× ∫ ∫ ∫ √1 +
𝑚𝑠𝑟1

Ω𝑠𝑟1

Ω𝑠𝑟2

𝑚𝑠𝑟2

𝑧th1
𝛼

𝑦𝑠𝑟2
4𝑦𝑟𝑑1

2𝑦𝑟𝑑2
2

+
𝑚𝑠𝑟1

Ω𝑠𝑟1

Ω𝑟𝑑1

𝑚𝑟𝑑1

𝑧th1
𝛼

𝑦𝑠𝑟2
2𝑦𝑟𝑑1

4𝑦𝑟𝑑2
2

+
𝑚𝑠𝑟1

Ω𝑠𝑟1

Ω𝑟𝑑2

𝑚𝑟𝑑2

𝑧th1
𝛼

𝑦𝑠𝑟2
2𝑦𝑟𝑑1

2𝑦𝑟𝑑2
4

∞

0

∞

0

∞

0

 

× 𝑒
(− 

𝑚𝑠𝑟1
Ω𝑠𝑟1

𝑧th1
𝛼

𝑦𝑠𝑟2
2𝑦𝑟𝑑1

2𝑦𝑟𝑑2
2 − 

𝑚𝑠𝑟2
Ω𝑠𝑟2

𝑦𝑠𝑟2
2− 

𝑚𝑟𝑑1
Ω𝑟𝑑1

𝑦𝑟𝑑1
2− 

𝑚𝑟𝑑2
Ω𝑟𝑑2

𝑦𝑟𝑑2
2+𝑙𝑛𝑦𝑠𝑟2

2𝑚𝑠𝑟2−2𝑚𝑠𝑟1+𝑙𝑛𝑦𝑟𝑑1
2𝑚𝑟𝑑1

−2𝑚𝑠𝑟1 +𝑙𝑛𝑦𝑟𝑑2
2𝑚𝑟𝑑2

−2𝑚𝑠𝑟1)
𝑑𝑦𝑠𝑟2

𝑑𝑦𝑟𝑑1
𝑑𝑦𝑟𝑑2

    

LCR(II) 

Figure 2 𝑁𝑧sd2
(𝑧th2

) = 𝑓𝑚
2√2𝜋

𝛤(𝑚sd1
)𝛤(𝑚sd2

)
(

𝑚sd1

Ωsd1

)
𝑚sd1− 

1

2
(

𝑚sd2

Ωsd2

)
𝑚sd2

𝑧th2

𝛼

2
(2𝑚sd1−1)

∫ √1 +
𝑚sd1

Ωsd1

Ωsd2

𝑚sd2

𝑧th2
𝛼

𝑦𝑠𝑑2
4

∞

0
𝑒

− 
𝑚sd1
Ωsd1

𝑧th2
𝛼

𝑦𝑠𝑑2
2 − 

𝑚sd2
Ωsd2

𝑦𝑠𝑑2
2+𝑙𝑛𝑦𝑠𝑑2

2𝑚𝑠𝑑2
−2𝑚𝑠𝑑1

d𝑦𝑠𝑑2


5. Conclusions 

 
This paper has proposed a model for performance evaluation of 

cooperative V2V dual-hop AaF vehicle-relaying over SC in 

NLOS general fading environments. The proposed model is 

extended to include V2I communications. Numerical examples 

are graphically presented to show that exact analytical 

expressions fits well with the approximations, especially in 

higher signal envelope dB regime. In theory, performance can 

be improved (in lower dB output regime) by designing the 

system with larger values for source-relay, relay-source and 

source-destination parameters.  
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