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Abstract— This paper addresses outage statistics of vehicle-to-

infrastructure (V2I) macro (MAC) diversity communications over 

interference limited (IL) fading channels. The MAC diversity 

selection combining (SC) reception is used to decrease the effect of 

the composite fading (the fading when multipath and shadowing 

are presented at the same time). Analytical framework for 

obtaining fast converging, infinite series expression for outage 

probability at the output of MAC SC diversity V2I 

communications model is developed and used to numerically 

present obtained results for various sets of V2I channel 
parameters.  
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I. INTRODUCTION  

The vehicular networks over fading channels are one of the 
main research fields with the tendency to increase overall traffic 
safety [1]-[2]. The knowledge of the propagation environment 
which can support low-latency (LL) vehicle-to-everything 
(V2X) communications under all traffic scenarios is the main 
issue due to the fact that vehicular networks are characterized by 
fast mobility of the cars with the antennas approximately at the 
same level [3]-[5].  Therefore, composite fading (multipath and 
shadowing) can cause severe degradation of the system 
performances in this type of communications. Moreover, co-
channel interference (CCI) can cause additional impairments 
especially in urban V2X communication environments. 

The outage statistics of SC (selection combining) macro 
(MAC) diversity for radio-frequency (RF) cellular wireless 
communications have already been addressed in references [6]-
[9]. This type is practical reception technique for improving 
system performances in composite fading environments. 
Additionally, the impact of CCI can be decreased by MAC 
diversity [10]. Moreover, MAC diversity has already found its 
application for mm-wave communications [11]. The MAC SC  
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diversity with micro (MIC) SC diversity due to its relatively 
simpler implementation design could play more dominant role 
in vehicular communications, since low-latency (LL) 
communications are expected in V2X networks. 

Motivated by this, this paper addresses V2I MAC diversity 
communications with four RSUs each with m inputs in 
interference limited (IL) composite fading environment. We 
observe the scenario when desired signal as well as CCI signals 
are under the influence of the composite fading. The fast 
converging, infinite series expressions for the cumulative 
distribution functions at the output of the SC MIC diversity as 
well as the outage probability at the output of the SC MAC 
diversity are provided. Then, we provide the numerical 
examples at the output of the MAC V2I model with four RSUs 
each with m inputs for various sets of V2I parameters. 

II. SYSTEM MODEL 

The SC MAC V2I communication is maintained 
simultaneously between the car and four SC MIC RSUs each 
with m inputs.  

 

Fig. 1. V2I SC MAC diversity block scheme with four RSUs (each with m 

inputs). 



TABLE I.  CDF AT THE OUTPUT OF SC MAC SYS.  
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The RSUs outputs are then connected to the input of MAC 
SC receiver. The Fig. 1 shows SC MAC V2I block scheme. 

The signals at the inputs of four SC MIC RSUs in IL 
environment are defined as [4]-[5]:  

 𝑥𝑀𝐼𝐶,𝑖𝑗 =
𝑥𝑆,𝑀𝐼𝐶,𝑖𝑗

𝑥𝐼,𝑀𝐼𝐶,𝑖𝑗
, 𝑖 = 1,4;  𝑗 = 1, 𝑚;  (1) 

The desired signals, 𝑥𝑆,𝑀𝐼𝐶,𝑖𝑗  follow well-known Rayleigh pdfs 

[12]: 

𝑝𝑋𝑆,𝑀𝐼𝐶,𝑖𝑗
(𝑥𝑆,𝑀𝐼𝐶,𝑖𝑗) =

2𝑥𝑆,𝑀𝐼𝐶,𝑖𝑗

𝜃𝑆,𝑖
𝑒

− 
𝑥𝑆,𝑀𝐼𝐶,𝑖𝑗

2

𝜃𝑆,𝑖 , 𝑖 = 1,4;  𝑗 = 1, 𝑚;  (2) 

where 𝜃𝑆,𝑖  are average powers of 𝑥𝑆,𝑀𝐼𝐶,𝑖𝑗 . Accordingly, CCI 

signals 𝑥𝐼,𝑀𝐼𝐶,𝑖𝑗 follow also Rayleigh pdfs [12]: 

𝑝𝑋𝐼,𝑀𝐼𝐶,𝑖𝑗
(𝑥𝐼,𝑀𝐼𝐶,𝑖𝑗) =

2𝑥𝐼,𝑀𝐼𝐶,𝑖𝑗

𝜃𝐼,𝑖
𝑒

− 
𝑥𝐼,𝑀𝐼𝐶,𝑖𝑗

2

𝜃𝐼,𝑖 , 𝑖 = 1, 4;  𝑗 = 1, 𝑚;  (3) 

where 𝜃𝐼,𝑖 are average powers of 𝑥𝐼,𝑀𝐼𝐶,𝑖𝑗 . 

The conditional probability density functions (pdfs) at the inputs 
of SC MIC RSUs can be derived by [13, (3.478.1)] and after 
simple algebraic transformations: 

 𝑝𝑋𝑀𝐼𝐶,𝑖𝑗/𝜃𝑆,𝑖𝜃𝐼,𝑖
=

∫ 𝑥𝐼,𝑀𝐼𝐶,𝑖𝑗𝑝𝑋𝑆,𝑀𝐼𝐶,𝑖𝑗

∞

0
(𝑥𝑀𝐼𝐶,𝑖𝑗𝑥𝐼,𝑀𝐼𝐶,𝑖𝑗)𝑝𝑋𝐼,𝑀𝐼𝐶,𝑖𝑗

(𝑥𝐼,𝑀𝐼𝐶,𝑖𝑗)𝑑𝑥𝐼,𝑀𝐼𝐶,𝑖𝑗  

 = 2𝜃𝑆,𝑖𝜃𝐼,𝑖

𝑋𝑀𝐼𝐶,𝑖𝑗

(𝜃𝑆,𝑖+𝜃𝐼,𝑖𝑥𝑀𝐼𝐶,𝑖𝑗
2)2 , 𝑖 = 1,4;  𝑗 = 1, 𝑚  (4) 

The cumulative density functions (cdfs) at the inputs of SC MIC 
RSUs are [12]: 

𝐹𝑋𝑀𝐼𝐶,𝑖𝑗
(𝑥𝑀𝐼𝐶,𝑖𝑗) = ∫ 𝑝𝑋𝑀𝐼𝐶,𝑖𝑗

(𝑡)𝑑𝑡
𝑥𝑀𝐼𝐶,𝑖𝑗

0




𝜃𝐼,𝑗𝑥𝑀𝐼𝐶,𝑖𝑗

2

𝜃𝑆,𝑖+𝜃𝐼,𝑖𝑥𝑀𝐼𝐶,𝑖𝑗
2

, 𝑖 = 1, 4;  𝑗 = 1, 𝑚;  (5) 

The cdfs at the outputs of SC MIC RSUs for independent and 
identically distributed (i.i.d) random processes are: 

 𝐹𝑋𝑀𝐼𝐶,𝑖
= 𝐹𝑋𝑀𝐼𝐶,𝑖𝑗

(𝑥𝑀𝐼𝐶,𝑖)𝑚 =
𝜃𝐼,𝑖

𝑚𝑥𝑀𝐼𝐶,𝑖
2𝑚

(𝜃𝑠,𝑖+𝜃𝐼,𝑖𝑥𝑀𝐼𝐶,𝑖
2)

𝑚 , 𝑖 = 1, 4;  (6) 

In order to take the correlation of the desired signals between 

RSUs, the pdfs of average powers 𝜃S,i at the inputs of four MIC 

SC RSUs are distributed according to correlated joint Gamma 
pdf [6. Eq. 12]: 

 

𝑝Θ𝑆,1Θ𝑆,2Θ𝑆,3Θ𝑆,4
(𝜃𝑆,1𝜃𝑆,2, 𝜃𝑆,3, 𝜃𝑆,4) 

 

=
(𝜃𝑆,1𝜃𝑆,4)

 𝑐𝑆−1
2 ∏ 𝐼𝑐𝑆 −1 (

2
𝜃0(1 − 𝜌) √𝜌𝜃𝑆,𝑖𝜃𝑆,𝑖+1)3

𝑖=1

𝛤(𝑐𝑆)(1 − 𝜌)3𝜌
3(𝑐𝑆−1)

2 𝜃𝑆,0
3+𝑐𝑆 

 

 × 𝑒
− 

𝜃𝑆,1+(1+𝜌)(𝜃𝑆,2+𝜃𝑆,3)+𝜃𝑆,4 
𝜃𝑠,0(1−𝜌)   (7) 

where 𝐼𝑦(∙) is the first kind modified Bessel function of the 

order y (which can easily be transformed by [13, (8.445)], 𝛤(∙) 
is the (complete) Gamma function,  𝜌  is parameter which 
describes correlation, 𝑐𝑆  is severity parameter for shadowing 

and 𝜃𝑆,0  is mean value of  𝜃𝑆,1, 𝜃𝑆,2, 𝜃𝑆,3  and 𝜃𝑆,4 . The CCI 

signals with mean powers 𝜃𝐼,𝑖  follow i.i.d Gamma random 

processes [13]: 

 𝑝𝜃𝐼,𝑖
(𝜃𝐼,𝑖) =

1

𝛤(𝑐𝐼)𝜃𝐼,0
𝑐𝐼−1 𝜃𝐼,𝑖

𝑐𝐼−1
𝑒

− 
𝜃𝐼,𝑖

𝜃𝐼,0 , 𝑖 = 1,4;  (8) 

where 𝑐𝐼  is severity parameter for CCI shadowing and 𝜃𝐼,0  is 

average power of 𝜃𝐼,1, 𝜃𝐼,2, 𝜃𝐼,3 and 𝜃𝐼,4. The MAC SC chooses 

the MIC RSUs with the maximum 𝜃𝑆,i at their inputs. Thus, the 
expression for cdf at the output of MAC SC can be derived from 
(9), which has been shown at the top of the page, where MIC 
outputs present MAC inputs (𝑥𝑀𝐼𝐶,𝑖 = 𝑥𝑀𝐴𝐶,𝑖).  



TABLE II.  𝑃𝑜𝑢𝑡 AT THE OUTPUT OF SC MAC SYS. 

𝑃𝑜𝑢𝑡(𝑥𝑡ℎ,𝑀𝐴𝐶) =
2𝑥𝑡ℎ,𝑀𝐴𝐶

2𝑚

𝛤(𝑐𝐼)𝜃𝐼,0
𝑐𝐼𝛤(𝑐𝑆)(1 − 𝜌)3𝜌

3
2

(𝑐𝑆−1)𝜃𝑆,0
𝑐𝑆+3

∑ (
√𝜌

𝜃𝑆,0(1 − 𝜌)
)

2𝑖+𝑐𝑆−1∞

𝑖1=0

1

𝑖1! 𝛤(𝑖1 + 𝑐𝑆)
∑ (

√𝜌

𝜃𝑆,0(1 − 𝜌)
)

2𝑖2+𝑐𝑆−1∞

𝑖2=0

1

𝑖2! 𝛤(𝑖2 + 𝑐𝑆)
 

× ∑ (
√𝜌

𝜃𝑆,0(1 − 𝜌)
)

2𝑖3+𝑐𝑆−1∞

𝑖3=0

1

𝑖3! 𝛤(𝑖3 + 𝑐𝑆)

1

𝑖2 + 𝑖3 + 𝑐𝑆

∑ (
1

𝜃𝑆,0(1 − 𝜌)
)

𝑖4∞

𝑖4=0

∑
1

(𝑖2 + 𝑖3 + 𝑐𝑆 + 1)(𝑖5)

∞

𝑖5=0

(1 + 𝜌)𝑖5

(𝜃𝑆,0(1 − 𝜌))
𝑖5

1

𝑖3 + 𝑐𝑆

 

× ∑
1

(𝑖3 + 𝑐𝑆 + 1)(𝑖6)

∞

𝑖6=0

1

(𝜃𝑆,0(1 − 𝜌))
𝑖6

𝛤(2𝑖1 + 2𝑖2 + 2𝑖3 + 𝑖4 + 𝑖5 + 𝑖6 + 4𝑐𝑆)𝛤(2𝑖1 + 2𝑖2 + 2𝑖3 + 𝑖4 + 𝑖5 + 𝑖6 + 4𝑐𝑆 + 𝑐𝐼)𝛤(𝑐𝐼 + 𝑚)

𝛤(2𝑖1 + 2𝑖2 + 2𝑖3 + 𝑖4 + 𝑖5 + 𝑖6 + 4𝑐𝑆 + 𝑐𝐼 + 𝑚)
 

× 2𝐹1 (2𝑖1 + 2𝑖2 + 2𝑖3 + 𝑖4 + 𝑖5 + 𝑖6 + 4𝑐𝑆 + 𝑐𝐼 , 𝑐𝐼 + 𝑚, 2𝑖1 + 2𝑖2 + 2𝑖3 + 𝑖4 + 𝑖5 + 𝑖6 + 4𝑐𝑆 + 𝑐𝐼 + 𝑚, 1 − 
𝜃𝑆,0(1−𝜌)

2𝜃𝐼,0(2+𝜌)𝑥𝑡ℎ,𝑀𝐴𝐶
2
) 

×
1

𝑥𝑡ℎ,𝑀𝐴𝐶
2(𝑐𝐼+𝑚)

(
𝜃𝑆,0(1−𝜌)

2(2+𝜌)
)

2𝑖1+2𝑖2+2𝑖3+𝑖4+𝑖5+𝑖6+4𝑐𝑆+𝑐𝐼

(
1

𝑖1+𝑖2+𝑐𝑆

(1+𝜌)𝑖4

(𝑖1+𝑖2+𝑐𝑆+1)(𝑖4)
+

1

𝑖1+𝑐𝑆

1

(𝑖1+𝑐𝑆+1)(𝑖4)
) 

 

III. NUMERICAL RESULTS 

The outage probability of MAC SC V2I communication 
with four RSUs is defined as the probability that the output 
signal of MAC SC goes below the outage threshold xth,MAC  [12]: 

 𝑃𝑜𝑢𝑡(𝑥𝑡ℎ,𝑀𝐴𝐶) = ∫ 𝑝𝑋𝑀𝐴𝐶

𝑥𝑡ℎ,𝑀𝐴𝐶

0
(𝑡) 𝑑𝑡 = 𝐹𝑋𝑀𝐴𝐶

(𝑥𝑡ℎ,𝑀𝐴𝐶)  (10) 

The 𝑃𝑜𝑢𝑡(𝑥𝑡ℎ,𝑀𝐴𝐶) in the form of infinite series expression 

can be obtained from (9) by using [13, (8.350.1)], [13, 8.351.2], 
[13, 9.210.1], [13, (9.211.4)] and [13, (7.621.6)] respectively, 
which is presented as expression (11) at the top of the page. The 

2𝐹1(𝑎, 𝑝; ℎ; 𝑥) is Gauss hypergeometric function and (𝑏)(𝑣) is 

Pochammer symbol [13].  
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Fig. 2. 𝑃𝑜𝑢𝑡(𝑥𝑡ℎ,𝑀𝐴𝐶) of  V2I MAC SC for various numbers of RSUs 

inputs. 

The 𝑃𝑜𝑢𝑡(𝑥𝑡ℎ,𝑀𝐴𝐶)  of MAC SC V2I for various numbers of 

RSUs inputs (m) and the normalized values of signal and CCI 
severity parameters (𝑐𝑆 = 1, 𝑐𝐼 = 1) as well as the normalized 

values of signal and CCI mean values (𝜃𝑆,0 = 1 , 𝜃𝐼,0 = 1 ), 
respectively are presented in Fig 2.. It can be seen that by 
increasing the m, the system performance improvement of the 
MAC SC V2I is provided, since the decreasing trend of 

𝑃𝑜𝑢𝑡(𝑥𝑡ℎ,𝑀𝐴𝐶) is evident.  

Further, the 𝑃𝑜𝑢𝑡(𝑥𝑡ℎ,𝑀𝐴𝐶)  of MAC SC V2I for various 

values of fading severity parameters 𝑐𝑆  and 𝑐𝐼  and constant 
values of (𝑚 = 2, 𝜃𝑆,0 = 1, 𝜃𝐼,0 = 1) is shown in Fig 3.. As 

expected, by increasing the 𝑐𝑆 , the 𝑃𝑜𝑢𝑡(𝑥𝑡ℎ,𝑀𝐴𝐶) decreases, 

whereas by increasing the 𝑐𝐼, the 𝑃𝑜𝑢𝑡(𝑥𝑡ℎ,𝑀𝐴𝐶) increases. 

-10 -5 0 5 10 15 20
1E-4

0.001

0.01

0.1

1

 m=2, cS=1, cI=1, qS,0=,qI,0=1 

 m=2, cS=2, cI=1, qS,0=,qI,0=1

 m=2, cS=1, cI=2, qS,0=,qI,0=1

 m=2, cS=1, cI=3, qS,0=,qI,0=1

 m=2, cS=1, cI=4, qS,0=,qI,0=1

P
o

u
t

xth,MAC [dB]

 

Fig. 3. 𝑃𝑜𝑢𝑡(𝑥𝑡ℎ,𝑀𝐴𝐶) of  V2I MAC SC for various values of V2I channel 

parameters. 



IV. CONCLUSION 

The MAC SC V2I communications with four RSUs in IL 
composite fading channel is considered. The infinite series 

expressions for cdf at the output of SC MIC diversity RSUs are 

derived and used for deriving 𝑃𝑜𝑢𝑡 (𝑥𝑡ℎ,𝑀𝐴𝐶) of MAC SC V2I 

system. The results are numerically evaluated for four SC RSUs 

and analyzed for different number of RSUs inputs and different 

values of composite fading severity parameters. The 
increasement of the number of V2I RSUs inputs, could help 

improving the performance outcome of V2I MAC SC 

communications at reception. Further improvements of the 

observed model are achievable by increasing V2I channel 

severity parameters 𝑐𝑆 while decreasing 𝑐𝐼 . Our future works are 

directed toward the second order statistics and general model of 

V2I MAC SC communications. 
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