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Abstract

:

In this paper, we study a mixed cooperative communication system consisting of power line communication (PLC) and free-space optical communication (FSO) links, where the PLC link suffers from log-normal fading and is affected by both impulsive and background noises. Meanwhile, the FSO link undergoes Gamma-Gamma fading with both atmospheric turbulence and pointing errors. More specifically, we present closed-form expressions for the probability density function and the cumulative distribution function of the end-to-end signal-to-noise ratio of the proposed model. Consequently, the outage probability and the bit error rate (BER) performance are derived in terms of univariate Fox-H and bivariate Fox-H functions. Finally, the analytical results are verified using Monte Carlo simulations, providing useful insights into the capabilities of the proposed system.
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1. Introduction


Free-space optical (FSO) communication systems with high data rates, high security, and robustness to electromagnetic interference have gained much attention as a promising candidate to overcome the spectrum scarcity in wireless communications systems [1,2]. Nevertheless, the FSO link performance can deteriorate due to atmospheric turbulence, leading to the degradation of the intensity and phase of the estimated optical signal [3,4]. Under various statistical channel models for the FSO channel, a variety of important system performance characteristics such as the outage probability, ergodic capacity, and bit error rate (BER) have been analyzed in recent studies.



On the other hand, power line communication (PLC) has been usually regarded as a low-cost and energy-saving communication technology since it utilizes the existing cables for data transmission [5]. Compared with other methods of communication, PLC has the characteristics of wide coverage, convenient connection, and no need to be rewired, which enables it to be used in both indoor and outdoor communication. However, due to the variations in location and time, it is a challenge to model PLC channels. Furthermore, the random fluctuation of attenuation, noise, and channel impedance in PLC systems makes it very hard to analyze the PLC channel [6].



In the literature, various communication systems have considered integrating either PLC or FSO into either outdoor or indoor broadcasting communication. In [6], the performance of a mixed cooperative communication system between PLC and visible light communication [7,8] was evaluated, while a dual hop wireless-PLC mixed cooperative system. Furthermore, a mixed FSO-radio frequency relaying (RF) system was considered in [9] by using decoding and forwarding (DF) technique. Also, the authors of [10] focused on the impact of pointing error on the performance of a dual-hop relay transmission system composed of asymmetric RF/FSO links and provided exact closed-form expressions for a variety of system key performance metrics. On the other hand, many practical scenarios can benefit from the integration of PLC with FSO using relaying techniques. To transmit information signals from an indoor source to an outdoor destination using an FSO link, there are various solutions such as implementing fiber optic or Wi-Fi signal links [11]. With the former approach, the cost of implementation and maintenance can be high in some scenarios, while in the latter option, due to the presence of large obstacles and dead zones the signal fluctuations are a hindrance. However, currently, no research focuses on the cooperative transmission of the PLC-FSO relaying system. With its advantages such as cost-efficient and high rate communication, the combined deployment of the readily available PLC infrastructure with the FSO link has potential practical implementations and thus warrants investigation.



In this paper, due to the potential for simple implementations and high energy efficiency, we consider DF relaying systems that combine PLC and FSO integration. The proposed mixed system can support wireless networks to reach remote geographical area through the ubiquitous indoor power line infrastructure. More specifically, the analytical results are provided considering the effects of both pointing errors and various types of turbulence in the FSO link, as well as the impulsive-background noise in the PLC link. We derive the probability density function (PDF) and the cumulative distribution function (CDF) for the end-to-end SNR of the proposed system. Consequently, in compilation with the Gamma-Gamma distribution of the FSO link, the log-normal distribution of the PLC link is approximated using a Gamma distribution, thereby obtaining a tractable closed-form expression of the analytical BER performance and the outage probability of the proposed system. The results demonstrate that the analytical derivation exactly matched with the Monte-Carlo simulations, providing insights into the proposed system under various channel conditions.



The remainder of this paper is organized as follows. In Section 2, we present the descriptions of the communication system and the channel model, include the PLC and FSO channel models. In Section 3, we provide the derivation the CDF and PDF of the end-to-end SNR of proposed system. The mathematical expressions of the outage probability, the average BER, in Section 4. The diversity order of the proposed system is presented in Section 5 using asymptotic analysis at high SNR regime based on the derived outage probability. Consequently, some simulation results using Monte-Carlo simulation are presented in Section 6 to validate the mathematical correctness of the derived mathematical results. Finally, some concluding remarks are provided in Section 6.




2. Proposed System Model


In Figure 1, we consider a cooperative transmission from a source node to a destination node through a relay node, which uses DF relaying to decode and encode the received signal, then retransmits the data to the next destination. The communication link from the source to the relay is PLC, while FSO communication is used for the link from the relay to the destination. Furthermore, it is assumed that the relay node is equipped with the capability to interface between the PLC and FSO link.



2.1. Plc Channel Model


From the source node, the power cables carry the information data to the FSO link with the assistance of a DF relay. Along the power lines, the channel gain of the PLC link is subjected to a log-normal distribution [6] with Bernoulli-Gaussian noise as the signal passes through reflections, impedance mismatches, and impulsive noise. More specifically, the PDF of these coefficients is given as


      f  H 1     h 1   =  1   h 1    2 π  σ  1  2      exp  −    ln  h 1  −  μ 1   2   2  σ  1  2     ,     



(1)




where    h 1  > 0 ,  μ 1    and   σ  1  2   are the mean and the variance of   ln  h 1   , respectively. Moreover, the PLC link suffers from both impulsive noise and background noise due to various switching transients, low-power noise sources, and the cables [6]. The instantaneous SNR value on the PLC link is    γ 1  =   γ ¯   1 , 1      h 1   2    when no impulsive noise occurs. The SNR value is    γ 1  =   γ ¯   1 , 2      h 1   2    in the presence of both impulsive noise and background noise where the average SNR are     γ ¯   1 , 1   =   E b   σ  G  2     and     γ ¯   1 , 2   =   E b    σ  I  2  +  σ  G  2     , respectively. Beside,   E b   denotes the average energy of the signal. Since the channel coefficient of the PLC link is log-normally distributed, the corresponding PDF of   γ 1   is also log-normally distributed. Assuming that  ρ  is the arrival probability of the impulsive noise, the PDF of the instantaneous SNR   γ 1   at the PLC link can be represented as


      f  γ 1    ( γ )  =  1 − ρ    1    2 π  σ  u  2    γ   exp  −    ln γ −  μ u   2   2  σ  u  2            + ρ   1    2 π  σ  v  2    γ   exp  −    ln γ −  μ v   2   2  σ  v  2      ,     



(2)




where    μ u  = 2  μ 1  + ln   γ ¯   1 , 1   ,  σ u  = 4  σ  1  2  ,  μ v  = 2  μ 1  + ln   γ ¯   1 , 2    , and    σ v  = 4  σ  1  2   . Consequently, the log-normally distributed PDF of   γ 1   can be approximated with the Gamma distribution as


      f  γ 1    ( γ )  =  Δ 1     φ Φ   φ   γ  φ − 1   exp  −   γ φ  Φ   +  Δ 2      φ ′   Φ ′     φ ′    γ   φ ′  − 1   exp  −   γ  φ ′    Φ ′    ,     



(3)




where    Δ 1  =   1 − ρ   Γ  φ      and    Δ 2  =  ρ  Γ   φ ′      . Here,   φ =    e  σ  u  2   − 1   − 1     and    φ ′  =    e  σ  v  2   − 1   − 1     represent the shadowing parameters while   Φ =  e  μ u       1 + φ  φ    1 / 2     and    Φ ′  =  e  μ v       1 +  φ ′    φ ′     1 / 2     are the shadowing area mean power of the Gamma distribution [12].




2.2. Fso Channel Model


The FSO channel gain is modeled as    H 2  =  h l   h a   h p   , where   h l  ,   h a  , and   h p   are the deterministic propagation loss, the atmospheric turbulence incurred attenuation, and the pointing error incurred attenuation, respectively. More specifically, the heat from the sun causes atmospheric turbulence and scintillation to the FSO link [4,10]. Moreover, the atmospheric turbulence-induced fading is dominant factor that significantly impacts the performance of the transmission when the weather condition is good. On the other hand, the pointing error caused by misalignment between transmitter and receiver on physical impacted transmitter beam [6,10]. Therefore, significant performance degradation is expected due to severe atmospheric turbulence and pointing error condition in many scenarios such as urban areas, where the FSO transceivers are placed on high-rise buildings. Moreover, the PDF of the instantaneous SNR of the FSO communication link [9],   γ 2  , can be given by


      f  γ 2    ( γ )  =   α β Ω  γ   H  1 , 3   3 , 0     γ ψ   |       ξ 2  + 1 , r         ξ 2  , r   ( α , r )   ( β , r )       ,     



(4)




where    H  p , q   m , n    ·    is the Fox H-function and   Γ  ·    is the Gamma function. In (4),   Ω =   ξ 2   Γ  α  Γ  β     ,   ψ =    γ ¯  2    α β  r    ,   r = 1   represents heterodyne detection, and   r = 2   represents direct detection. If   σ s   denotes the standard deviation of the pointing error distribution, the equivalent beam-width [4] can be expressed as   ξ =  w e  / 2  σ s   , where   w e   is the equivalent beam radius at the receiver. Furthermore,    γ ¯  2   denotes the average electrical SNR of the FSO link [3], which can be defined as     γ ¯  2  =   γ ¯  FSO    for   r = 1   and for   r = 2   we have


       γ ¯  2  =     γ ¯  FSO  α β  ξ 2    ξ 2  + 1     ( α + 1 )   ( β + 1 )     ξ 2  + 1  2    ,     



(5)




where the average SNR is     γ ¯  FSO  = E  [ γ ]    and  E  is the expectation operator. The fading parameter  α  is the effective number of large-scale cells and  β  is the effective number of small-scale cells of the atmospheric conditions in the scattering process [13].





3. Statistics of the Snr of Equivalent End-to-End Communication Link


3.1. Cumulative Distribution Function


Using the DF relaying protocol, the CDF of the end-to-end SNR for the proposed system can be expressed as [9]


      F  γ e    ( γ )  = Pr  min   γ 1  ,  γ 2   < γ  .     



(6)







By substituting (3) into    F γ   ( γ )  =  ∫ 0 γ   f γ   ( γ )  d γ  , the CDF of   γ 1   can be expressed as


     Pr   γ 1   <  γ  =  Δ 1     φ Φ   φ   ∫ 0 γ    γ  φ − 1   exp  −   γ φ  Φ   d γ  +  Δ 2      φ ′   Φ ′     φ ′    ∫ 0 γ    γ   φ ′  − 1   exp  −   γ  φ ′    Φ ′    d γ  .     



(7)







Using Equation (8.4.16) from [14] and after some simple manipulations, the CDF of   γ 1   can be written as


     Pr   γ 1   <  γ  =  Δ 1  ×  H  1 , 2   1 , 1        φ γ  Φ     φ , 1     0 , 1    1 , 1    +  Δ 2  ×  H  1 , 2   1 , 1         φ ′  γ   Φ ′       φ ′  , 1     0 , 1    1 , 1    .     



(8)







Similarly, by substituting (4) into    F γ   ( γ )  =  ∫ 0 γ   f γ   ( γ )  d γ   and using Equation (2.4.5) from [15], the CDF of   γ 2   can be expressed as


     Pr   γ 2   < γ   =  1 − Ω ×  H  2 , 4   4 , 0     γ ψ   |       1 , r    ξ 2  + 1 , r          ξ 2  , r   α , r   β , r   0 , r       .     



(9)







Furthermore, we assume that PLC and FSO links are independent. Hence, the CDF of end-to-end SNR can be further expressed as


      F  γ e    ( γ )       = Pr   γ 1   <  γ  + Pr   γ 2   <  γ  − Pr   γ 1   <  γ  Pr   γ 2   <  γ           =  1 + Ω ×  H  2 , 4   4 , 0     γ ψ   |       1 , r    ξ 2  + 1 , r          ξ 2  , r   α , r   β , r   0 , r                ×  1 −  Δ 1  ×  H  1 , 2   1 , 1        φ γ  Φ     φ , 1     0 , 1    1 , 1    −  Δ 2  ×  H  1 , 2   1 , 1         φ ′  γ   Φ ′       φ ′  , 1     0 , 1    1 , 1     .     



(10)








3.2. Probability Density Function


The closed-form analytic expression of the PDF of the end-to-end SNR can be derived by differentiating (10) w.r.t.  γ . Using ([16], Equation (1.69)),    f  γ e    γ    can be given as


      f  γ e    γ      = Ω r ×  1 γ   H  1 , 3   3 , 0    α β  Y  1 r    γ |       ξ 2   +  1 , r         ξ 2  , r   α , r   β , r                 ×   1  −   Δ 1  ×  H  1 , 2   1 , 1        φ γ  Φ     φ , 1     0 , 1    1 , 1     −   Δ 1   ×   H  1 , 2   1 , 1         φ ′  γ   Φ ′       φ ′  , 1     0 , 1    1 , 1              + Ω r ×  H  2 , 4   4 , 0     γ ψ   |       1 , r    ξ 2   +  1 , r          ξ 2  , r   α , r   β , r   0 , r                 ×     Δ 1  γ   H  2 , 3   1 , 2       φ Φ  γ    φ , 1   0 , 1   1 , 1     0 , 1   1 , 1      +    Δ 2  γ   H  2 , 3   1 , 2        φ ′   Φ ′   γ     φ ′  , 1   0 , 1   1 , 1     0 , 1   1 , 1      .     



(11)









4. Performance Evaluation of Mixed Plc-Fso System


4.1. Outage Probability Analysis


The outage probability can be defined as the probability that the end-to-end SNR   γ e  , has a value smaller than a certain specified threshold,   γ  t h   . It is well-known that when the instantaneous SNR    γ e  <  γ  t h    , the communication system undergoes the outage state, in which the received SNR   γ e   can not support the target rate of the system. For the proposed mixed PLC-FSO system with DF relaying, an exact closed-form analytic expression for the outage probability can be represented as [4]


      P out    γ  t h    = Pr   γ e  <  γ  t h    =  F  γ e     γ  t h    .     



(12)








4.2. Bit Error Rate Analysis


For a variety of binary and non-binary modulation schemes, a unified expression of the BER is given as in [1,6,9]


       P ¯  b  =  δ  2 Γ ( p )    ∑  k = 1   n ′    q  k  p   ∫ 0 ∞    γ  p − 1    e  −  q k  γ    F  γ e    ( γ )  d γ        =   δ  n ′   2  −  δ  2 Γ ( p )    ∑  k = 1   n ′    Ω  I 1  −  Δ 1  Ω  I 2  −  Δ 2  Ω  I 3   ,     



(13)




where    n ′  , δ , p  , and   q k   are used to denote the parameters for different modulation schemes, as defined in [1,6,9]. Furthermore, we have terms   I 1  ,   I 2  , and   I 3   which can be expressed as


         I 1  =  q  k  p   ∫ 0 ∞    γ  p − 1    e  −  q k  γ    H  2 , 4   4 , 0     t ψ   |       1 , r    ξ 2  + 1 , r          ξ 2  , r   α , r   β , r   0 , r       d t  ,     



(14)






         I 2  =  q  k  p   ∫ 0 ∞    γ  p − 1    e  −  q k  γ    H  1 , 2   1 , 1        φ t  Φ      m ℓ  , 1     0 , 1    1 , 1    ×  H  2 , 4   4 , 0     t ψ   |       1 , r    ξ 2  + 1 , r          ξ 2  , r   α , r   β , r   0 , r       d t  ,     



(15)






         I 3  =  q  k  p   ∫ 0 ∞    γ  p − 1    e  −  q k  γ    H  1 , 2   1 , 1         φ ′  t   Φ ′       m  i  ′  , 1     0 , 1    1 , 1    ×  H  2 , 4   4 , 0     t ψ   |       1 , r    ξ 2  + 1 , r          ξ 2  , r   α , r   β , r   0 , r       d t  .     



(16)







Then, by expanding the Fox H-function ([16], Equation (1.2)), we have   I 1   as


      I 1  =   q  k  p   2 π j    ∫ 0 ∞    ∫ C     Γ   ξ 2  + r s  Γ  α + r s  Γ  β + r s  Γ  0 + r s    Γ  1 + r s  Γ  1 +  ξ 2  + r s       t ψ    − s    t  p − 1    e  −  q k  t    d s d t      



(17)







By integrating (17) w.r.t. t and using the definition of the univariate Fox-H function ([16], Equation (A.1)), we have   I 1   that can be expressed as


      I 1       =   1  2 π j     ∫ C     Γ   ξ 2  + r s  Γ  α + r s  Γ  β + r s  Γ  0 + r s  Γ  p − s    Γ  1 + r s  Γ  1 +  ξ 2  + r s       1   q k  ψ     − s    d s           =   H  3 , 4   4 , 1     1   q k  ψ    |       1 − p , 1  ,  1 , r    ξ 2  + 1 , r          ξ 2  , r   α , r   β , r   0 , r        .     



(18)







Furthermore, by expanding the Fox-H function ([16], Equation (1.2)), we have   I 2   as


      I 2   =    − 1   4  π 2      ∫ 0 ∞         ∫  C 1     ∫  C 2     Γ    m ℓ   +   s 1   Γ   1  −  1  −   s 1   Γ    ξ 2   +  r  s 2   Γ  α  +  r  s 2   Γ  β  +  r  s 2   Γ  0  +  r  s 2     Γ  0  +   s 1   Γ  1  +  r  s 2   Γ  1  +   ξ 2   +  r  s 2                 ×      φ t  Φ    −  s 1        t ψ    −  s 2      t  p − 1    e  −  q k  t   d  s 1  d  s 2  d t .     



(19)







Taking the integration (19) by t with the definition of the bivariate Fox-H function ([16], Equation (A.1)), after changing variable     s 1  ,  s 2   →  −  s 1  , −  s 2    , we have   I 2   that can be expressed as


   I 2  =  H  1 , 0 : 1 , 2 : 2 , 4   0 , 1 : 1 , 1 : 4 , 0        φ  Φ  q k         1  ψ  q k        |      1 − p ; 1 , 1      −         1 , 1         m ℓ  , 1     0 , 1             1 , r    ξ 2  + 1 , r          ξ 2  , r   α , r   β , r   0 , r        ,  



(20)




where    H  p , q :  p 1  ,  q 1  :  p 2  ,  q 2    m , n :  m 1  ,  n 1  :  m 2  ,  n 2     ·    is the bivariate Fox-H function as defined in ([16], Equation (A.1)). Similarly,   I 3   is given as


   I 3  =  H  1 , 0 : 1 , 2 : 2 , 4   0 , 1 : 1 , 1 : 4 , 0         φ ′    Φ ′   q k         1  ψ  q k        |      1 − p ; 1 , 1      −         1 , 1         m  ℓ  ′  , 1     0 , 1             1 , r    ξ 2  + 1 , r          ξ 2  , r   α , r   β , r   0 , r         



(21)







It should be mentioned that the MATLAB implementation of the Fox-H and bivariate Fox-H function are presented in [17,18], respectively. Consequently, by placing (18), (20), and (21) into (13), the average BER can be expressed as


     P ¯  b  =   δ  n ′   2  −   δ Ω   2 Γ ( p )    ∑  k = 1   n ′   (  H  3 , 4   4 , 1     1   q k  ψ    |       1 − p , 1  ,  1 , r    ξ 2  + 1 , r          ξ 2  , r   α , r   β , r   0 , r           −  Δ 1   H  1 , 0 : 1 , 2 : 2 , 4   0 , 1 : 1 , 1 : 4 , 0        φ  Φ  q k         1  ψ  q k        |      1 − p ; 1 , 1      −         1 , 1         m ℓ  , 1     0 , 1             1 , r    ξ 2  + 1 , r          ξ 2  , r   α , r   β , r   0 , r           −  Δ 2   H  1 , 0 : 1 , 2 : 2 , 4   0 , 1 : 1 , 1 : 4 , 0         φ ′    Φ ′   q k         1  ψ  q k        |       1  −  p  ;  1  ,  1       −         1 , 1         m  ℓ  ′  , 1     0 , 1             1 , r    ξ 2  + 1 , r          ξ 2  , r   α , r   β , r   0 , r        ) .   



(22)









5. Diversity Analysis


Due to the complex expression of the system end-to-end outage probability, the importance and impact of each system parameter is complicate to investigate. Therefore, in this section, we emphasize on the outage probability in high SNR regime to evaluate the diversity order and provide further engineering insights into the overall system performance. More specifically, using ([15], Equations (1.1.1) and (1.5.9)), with the assumption that     γ ¯   1 , 1   ,   γ ¯   1 , 2   ,   γ ¯  2  → ∞  , the outage probability can be asymptotically expressed as


      P out    γ  t h        ≈  1  +   Ω r   ×  [   Γ  α  −   ξ 2   Γ  β  −   ξ 2   Γ   −   ξ 2     Γ  1  −   ξ 2        γ ψ     ξ 2  r    +    Γ   ξ 2   −  α  Γ    β  −  α    Γ   − α    Γ  1 − α  Γ  1 +  ξ 2  − α       γ ψ    α r            +   Γ   ξ 2  − β  Γ  α − β  Γ  − β    Γ  1 − β  Γ  1 +  ξ 2  − β       γ ψ    β / r   +   Γ   ξ 2   Γ  α  Γ  β    Γ  1 +  ξ 2     ]          ×  1 −  Δ 1  ×   Γ  φ    Γ  1 + φ        φ γ  Φ   φ  −  Δ 2  ×   Γ  φ ′    Γ  1 + φ ′        φ ′ γ   Φ ′     φ ′    .     



(23)







Consequently, the diversity order of the dual-hop system is defined as


     d = −  lim   γ ¯  → ∞     log   P out     log (  γ ¯  )   ,     



(24)




and can be given by


     d = min    ξ 2  r  ,  α r  ,  β r  , φ , φ ′  .     



(25)








6. Simulation Results


In this section, the numerical results from the Monte Carlo simulations with   10 7   samples are provided to show the validity of the analytical results and provide some insights into how different parameters affect the proposed system performance. More specifically, we show the impacts of various impulsive noise, turbulence conditions, and pointing errors on the performance of the proposed system under two detection techniques, heterodyne and direct detection, which are denoted by   r = 1   and   r = 2  , respectively. For the FSO link, we set   α , β   as   4.6 , 7.1  ,   2.4 , 4.5  , and   1.4 , 3.5  , corresponding to weak, moderate, and strong turbulence, respectively. Similarly, for the PLC link, the impulsive noise frequency and intensity vary from weak to strong levels in terms of  ρ  and the ratio    σ  I  2  /  σ  G  2   . Also, we have   ξ = 1.5   while    μ 1  = 0  ,    σ  1  2  = 0.18  , and   φ =  φ ′  = 1.55  . The values of    n ′  , δ  , and   q k   are (1,1,1) and (1,1,1/2) when BPSK and QPSK modulations are used, respectively. Additionally, in all figures, the theoretical results perfectly match the Monte-Carlo simulation results, demonstrating the accuracy of the analytical derivation.



In Figure 2, we show the outage probability versus    γ ¯  FSO   for both cases of   r = 1   and   r = 2   under weak, moderate, and strong turbulence conditions. For a fixed average SNR of the PLC link, we can see that the outage probability significantly depends on the parameters of the FSO link. It can be observed that with the direct detection technique, the outage probability of the proposed system is higher than when the heterodyne detection is employed. Additionally, stronger turbulence leads to a higher outage probability.



In Figure 3, we show the impacts of various PLC link parameters on the outage probability of the proposed system when the average SNR of the FSO link is fixed at 50 dB. More specifically, three scenarios are considered, where the strong, moderate, and weak impulsive noise conditions are given as   ρ = 0.1 , 0.4 ,   and   0.8  , respectively. The outage probability of the system increases with the stronger impulsive noise level, while weak impulsive noise achieves lower outage probability. On the other hand, the higher the impulsive noise is compared with the background noise, the higher the outage probability is, as    σ  I  2  /  σ  G  2    changes from a low value of 0.2 to 0.5.



Furthermore, the BER of the proposed system is given in Figure 4 with the average SNR of the FSO link versus different values for the turbulence conditions and two modulation schemes such as quadrature phase-shift keying (QPSK) and binary phase-shift keying (BPSK). It is observed that the average BER performance provides a perfect match to the closed-form expression of our analytical derivation. As expected, the BPSK modulation achieves better performance in comparison with the QPSK modulation. Meanwhile, as the turbulence of the FSO link raises, the BER performance becomes worse.



In Figure 5, we present the BER of the proposed system versus the average SNR of the PLC link under various channel conditions, in which the impulsive noise change from weak to strong, described by the values of  ρ  and    σ  I  2  /  σ  G  2   , respectively. Moreover, the average SNR value of the FSO link is fixed at 40 dB while the modulation type is BPSK. From Figure 5, it is clear that both FSO and PLC links have significant impact on the overall performance and an increasing in the quality of individual link can result in an improvement of the BER result. Moreover, high values of impulse noise probability and power of noise lead to higher error probability. Also, the with the fixed SNR value of the FSO link, when the SNR of PLC link approach relatively high values, the FSO link become dominant factor and the BER performance can only achieve a value of   10  − 4   .



Finally, in Figure 6, the impact of pointing error versus the average SNR of the FSO link is shown in the medium turbulence condition. Also, similar to Figure 2,   r = 1   and   r = 2   are used to observe the persistence of different detectors on the outage performance for various pointing error conditions. It can be seen that when   ζ = 6.5  , the proposed system can achieve the best outage performance while a decrease from   ζ = 2.3   to   ζ = 1.5   can dramatically degrade the system performance due to severe impact of pointing error at   ζ = 1.5  .




7. Conclusions


In this paper, we analyze the performance of a mixed PLC-FSO communication system operating over a turbulence channel in the presence of pointing errors at the FSO link and impulsive-background noise at the PLC link. Under different system parameters, the results demonstrate that the outage probability and BER performance improve as the effects of pointing error, turbulence, or impulsive-background noise decrease. More specifically, results on various system parameters show that severe pointing error and turbulence condition on the FSO link can lead to degradation of the outage probability and average BER performance. Similarly, high values of impulse noise probability and noise power in PLC link also leads to poor performance. Also, the diversity order of the proposed system only depends on the values of   α , β , ζ , r , ϕ  , and   ϕ ′  . Our study also shows that the simulation results coincide with the analytical curves at various SNR values. From the derived analytical results, the performance of proposed system can be thoroughly investigated to show the impact of various critical system parameters. Consequently, from the trends of the simulation and analytical results, the PLC transmission link is shown to be a promising backhaul solution for the FSO link and integration of both PLC and FSO links can provide an efficient indoor to outdoor transmission technique.
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The following abbreviations are used in this manuscript:



	AWGN
	Additive white Gaussian noise



	FSO
	Free-space optical



	PLC
	Power line communication



	CDF
	Cumulative distribution function



	PDF
	Probability density function



	SNR
	Signal-to-noise ratio



	DF
	Decode-and-forward



	BPSK
	Binary phase-shift keying



	QPSK
	Quadrature phase-shift keying



	BER
	Bit error rate
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Figure 1. System model. 






Figure 1. System model.
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Figure 2. Outage probability versus    γ ¯  FSO   with different turbulence conditions and different detection modes. 
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Figure 3. Outage probability versus    γ ¯  PLC   with different impulsive and background noise conditions. 
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Figure 4. Average BER performance versus    γ ¯  FSO   with different turbulence conditions and different modulation schemes using heterodyne detection. 
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Figure 5. Average BER performance versus    γ ¯  PLC   with different impulse noise conditions and     γ ¯  FSO  =   40 dB. 
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Figure 6. Outage probability versus    γ ¯  FSO   with various pointing error conditions and detection modes. 
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