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Abstract

:

In this paper, we propose a mixed radio frequency (RF)/free space optical (FSO) unmanned aerial vehicle (UAV) communication system, based on modulating retro-reflector (MRR) and reconfigurable intelligent surface (RIS), which adopts the hybrid L-ary pulse position modulation-binary phase shift keying-subcarrier intensity modulation (L-PPM-BPSK-SIM). More specifically, the RF channel follows Rayleigh distribution, while the FSO channel obeys Gamma–Gamma distribution that considers atmospheric turbulence and pointing error. For decode-and-forward (DF) relay, the MRR is installed on the UAV to reduce its weight, size, and power consumption. In particular, the RIS is used as user terminal along with the RF signal generator to achieve signal enhancement. Based on this, closed expressions for the outage probability, average bit error rate (BER) and average channel capacity of the end-to-end uplink and downlink are derived. Numerical results confirm that while the relay limitation is solved by MRR, RIS significantly reduces the outage probability and average BER as well as obviously increases the average channel capacity. Furthermore, the hybrid L-PPM-BPSK-SIM with average symbol length greater than eight can effectively improve the average BER performance of the system.
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1. Introduction


Free space optical (FSO) communication has attracted extensive research due to its high security, fast data rate transmission, large bandwidth, free spectrum licensing and ease of deployment [1,2]. FSO can be applied in many scenarios such as remote sensing, radio astronomy, military, disaster recovery, last mile access, wireless cellular network backhauls, etc. [3,4]. However, the performance of FSO communication is susceptible to interference from atmospheric conditions. In contrast, radio frequency (RF) communication is not sensitive to atmospheric turbulence, but its spectrum resources are not sufficient. Therefore, a mixed RF/FSO system is available to combine the advantages of both to effectively improve the performance of the overall system [5]. Traditional mixed RF/FSO communication does not offer flexibility due to the fixed deployment of communication equipment. Thus, the application of mobile relay in mixed RF/FSO is very necessary. Mobile relays, such as unmanned aerial vehicles (UAVs), are particularly suitable for emergency, temporary events or special scenarios, such as emergency response, agricultural areas, volcano detection, marine communications, etc. [6]. However, factors such as the power consumption and flight time of UAV are a major challenge for UAV communication [7]. Importantly, the mobility of UAV can provide new opportunities for improving performance by dynamically adjusting relay position to best suit the environment for communication.



Recently, modulating retro-reflector (MRR)’s FSO communication has been widely employed in UAV, optical wireless sensing networks, and spacecraft communication [8]. Specifically, MRR usually consists of an optical modulator and a passive retro-reflector, and the most commonly used retro-reflectors are the corner cube reflector (CCR) and the cat’s eye reflector (CER) [9]. Compared to the traditional FSO communication, MRR FSO system offers significant advantage in terms of reducing the weight, size, and power constraints at one end of the FSO link [10]. In a conventional FSO communication system, precise ATP (acquisition, tracking, and pointing) system and laser transmitter must be deployed at both ends of the FSO link, which is limited when the UAV is working as a relay. However, when the MRR is installed at the relay, the ATP system and laser transmitter only needs to be placed at the other end of the FSO link, so the limitation problem of the relay is solved [11]. In [12], the effect of atmospheric turbulence on the performance of the MRR FSO system was investigated under correlated Gamma–Gamma fading channels, and adaptive threshold technique was chosen to improve the bit error rate (BER) performance. In [13], the BER of the MRR FSO system was analyzed over single and double Gamma–Gamma fading channels. Moreover, the outage probability, average BER and average channel capacity of the MRR FSO communication system were evaluated under different atmospheric turbulence in [14,15,16].



Meanwhile, in order to improve the performance of the communication system by enhancing the signal, the reconfigurable intelligent surface (RIS) is applied in RF communication [17]. The RIS is an emerging technology to improve the performance of wireless communication and will have promising applications in the internet of things (IoT) as well as in 6G [18]. More specifically, the RIS is an artificial surface composed of electromagnetic materials. It adjusts the reflection of incident electromagnetic waves through low-cost and simple passive reflection elements to realize the intelligent reconstruction of the signal propagation environment, thereby enhancing the signal and improving the performance of the wireless communication system [19]. At present, RIS is mainly used in two transmission scenarios. One is the RIS-assisted scenario, where the RIS is deployed on the building between the signal source and the receiver. The other is the RIS-equipped scenario, where the RIS is placed together with the RF signal generator as a RF source. The outage probability, average BER, and average channel capacity of the RIS-assisted dual-hop RF UAV communication system were analyzed in [20], and it was found that RIS did improve the performance of the system. Nonetheless, in the RIS-assisted case, it was observed that the analytic and the simulated results matched well only when the number of reflective elements of the RIS was large [21]. By contrast, in [22], the RIS-equipped scenario reflected better diversity gain and coding gain. Moreover, the theoretical and simulated results also matched well when the number of reflective elements was low.



Additionally, the modulation technique has a great impact on the BER performance of the communication system [23]. There have been many studies using modulation techniques to improve communication performance. Compared to traditional modulation schemes, the hybrid modulation is prominent. In [24], the authors applied M-ary quadrature amplitude modulation multi-pulse pulse-position modulation (QAM-MPPM) to the FSO system and found that the average BER performance was significantly better than that of the conventional scheme. Additionally, the BER of the FSO communication system by using hybrid pulse position modulation-binary phase shift keying-subcarrier intensity modulation (PPM-BPSK-SIM) was investigated in [25,26,27]. Moreover, the hybrid L-ary pulse position modulation-minimum shift keying-subcarrier intensity modulation (L-PPM-MSK-SIM) was adopted in deep space wireless optical communication system to improve the BER performance [28].



Inspired by the above, we apply MRR and RIS to the mixed RF/FSO UAV communication system, where MRR solves the limitation of UAV relay and RIS achieves signal enhancement. Moreover, the RIS-equipped scheme has better diversity gain and coding gain. In practical application scenarios, the user side needs to take into account factors such as size, which requires that the RIS does not have too many reflective elements, and the RIS-equipped scheme simulates well with a smaller number of reflective elements, which is not the case with the RIS-assisted scheme. The use of UAV as mobile relay allows for increased flexibility in communication, can be better applied to unexpected and occasional events, and the special operating principle of MRR can largely address the inherent limitations of UAV. As far as we know, there are rather few studies on mixed RF/FSO systems based on MRR, and even fewer studies that consider both atmospheric turbulence and pointing error. More importantly, the theoretical research combining MRR and RIS in the existing literature is still in a vacuum. Besides, we raise the BER performance of the system by the hybrid L-PPM-BPSK-SIM scheme. In the existing research on MRR FSO systems, only the downlink is mostly investigated, in our work, the end-to-end uplink and end-to-end downlink are comprehensively studied and the differences between them are analyzed. On this basis, considering the atmospheric turbulence and pointing error, the outage probability, average BER, and average channel capacity expressions of the mixed RF/FSO system based on MRR and RIS are derived.



The remainder of this paper is organized as follows: Section 2 presents the mixed RF/FSO UAV dual-hop system based on MRR and RIS. Section 3 further derives closed expressions for the end-to-end outage probability, average BER, and average channel capacity of the system. Then in Section 4, numerical results are provided. Finally, Section 5 offers some concluding remarks.




2. System and Theoretical Model


As shown in Figure 1, we consider a mixed RF/FSO UAV dual-hop communication system based on MRR and RIS, where MRR is installed at the UAV relay and RIS acts as the RF source (i.e., the user) put together with the RF signal generator. Considering scenarios where the user end is indoors, or outdoors where it is obscured by buildings, trees, etc., we use the Rayleigh distribution commonly used in multipath fading without direct line of sight in the RF channel [29]. For the FSO link, the classical Gamma–Gamma distribution was chosen because of its good fit with measurements over a wide range of turbulent conditions (weak to strong) [30]. The end-to-end uplink of the system is the transmission of data from the user to the destination (i.e., User → Relay → Destination), while the end-to-end downlink is the reverse (i.e., Destination → Relay → User). At the UAV relay, the decode-and-forward (DF) protocol is adopted. The addition of MRR allows the ATP system and laser transmitter to exist only at the destination, thus reducing the weight, size, and power consumption of the UAV relay. Moreover, the RIS in the RF link, with many passive reflective elements to enhance the signal, provides a significant improvement in system performance.



In this system, taking the end-to-end uplink as an example, the signal received at the relay is expressed as    y 1  =  h 1  x +  n 1   , and the signal received at the destination is denoted as    y 2  =  h 2   y 1  +  n 2  =  h 2   (  h 1  x +  n 1  )  +  n 2   , where x is the signal source,   h 1   and   h 2   are the channel coefficients of RF and FSO links,   n 1   and   n 2   are the additive Gaussian white noise (AWGN). Furthermore, the working principle in the end-to-end downlink is similar. In the downlink, the information received by the user is also related to the channel coefficients of the RF and FSO links.



2.1. RF Link


In this mixed RF/FSO system, the RF channel experiences Rayleigh distribution, the RIS and the RF signal generator are put together as the RF source, which implies that the channel attenuation between them can be ignored. Thus, the probability density function (PDF) of the signal-to-noise ratio (SNR) is given by [31]:


      f  γ 1    (  γ 1  )  ≈      γ 1    N − 1    e  −   γ 1   B   γ ¯  1          ( B   γ ¯  1  )  N   ( N − 1 )  !   ,     



(1)




where   B = 1 +  ( N − 1 )   Γ 2   (   3 2   )   ,   γ 1   and    γ ¯  1   are the instantaneous SNR and the average SNR of RF link, respectively.   Γ ( · )   is the Gamma function, and N is the number of passive reflective elements in the RIS. Further, the cumulative distribution function (CDF) of the RF link SNR is written as [22]:


      F  γ 1    (  γ 1  )  ≈ 1 −  e  −   γ 1   B   γ ¯  1       ∑  m = 0   N − 1       γ 1   m    ( B   γ ¯  1     )  m  m !   .     



(2)








2.2. FSO Link


The FSO channel follows the Gamma–Gamma distribution considering atmospheric turbulence and pointing error. We consider the UAV relay at low altitude, where MRR is installed.The intensity modulation/direct detection (IM/DD) technique is adopted at the optical receiver. Specifically, the retro-reflector in the MRR we use is the CCR. Note that the incident beam enters the CCR after being modulated by the optical modulator, then is reflected by mutually perpendicular reflective surfaces in turn, and finally exits in the opposite direction to the incident beam. The advantage is that the ATP system and the laser transmitter can be omitted at the relay. However, the use of MRR at the relay leads to differences between the uplink and downlink of the system, which is mainly reflected in the FSO link. For bidirectional communication in our system, the FSO uplink refers to the data transmission from the relay to the destination (i.e., Relay → Destination), while the FSO downlink is the opposite (i.e., Destination → Relay).



Therefore, the principle of the FSO uplink and the FSO downlink is detailed in Figure 2. The FSO uplink implements the data transmission from the relay to the destination. Note that the data to be transmitted at the relay are sent by the user over the RF link. When the relay receives the data from the user, the next step is to send the data from the relay to the destination. First, the destination needs to transmit a beam without data to the relay through the forward path (i.e., Destination → Relay), and then the relay loads the data onto the optical carrier in the forward path through the optical modulator. Hence, the backward path (i.e., Relay → Destination) carries the data and reflects it to the destination via MRR.



For the FSO downlink, it is the implementation of the data transmission from the destination to the relay. The principle is the same as that of traditional FSO communication. That is, data are loaded into the beam at the destination and then sent to the relay via the FSO downlink.



Since the FSO uplink experiences twice the distance from the destination to the relay, the channel coefficient of the FSO uplink is expressed as:


      h 2  =  h f   h b  ,     



(3)




where   h f   and   h b   are the channel coefficients of the forward path and the backward path, respectively. Owing to the characteristics of MRR, the forward path considers atmospheric turbulence and pointing error, while the backward path takes atmospheric turbulence into account. Hence, the channel coefficients of the forward path and the backward path are written as    h f  =  h  a 1    h p   ,    h b  =  h  a 2    , where   h  a 1    and   h  a 2    are the channel coefficients due to atmospheric turbulence, and   h p   is the channel coefficient caused by the pointing error.



Therefore, the PDF of instantaneous SNR for the FSO uplink is expressed as [32]:


      f  γ 2    (  γ 2  )  =   ξ 2   2  γ 2  Γ  (  α 1  )  Γ  (  α 2  )  Γ  (  β 1  )  Γ  (  β 2  )    G     5 , 0       1 , 5               α 1   α 2   β 1   β 2    A 0        γ 2    γ ¯  2           ξ 2  + 1        ξ 2  ,  α 1  ,  α 2  ,  β 1  ,  β 2           ,     



(4)




where   γ 2   and    γ ¯  2   are the instantaneous SNR and the average SNR of FSO link.   ξ =  ω  e q   / 2  σ s    denotes the pointing error parameter,   ω  e q    is the equivalent beamwidth,   σ s   is the jitter standard deviation.    A 0  =   ( e r f  ( ν )  )  2    is the received optical power at radial displacement of 0,   ν =   a /  ω z      π / 2    , a is the radius of the optical receiver,   ω z   is the beamwidth at distance from the laser emitter.   G ( · )   is the Meijer’s G function.   α 1  ,   β 1   are the parameters of atmospheric turbulence in the forward path, and   α 2  ,   β 2   are the parameters of atmospheric turbulence in the backward path, which is calculated by (5) and (6) as below [33].


      α i  =       exp        0.49  σ R 2     ( 1 + 1.11  σ R  12 / 5   )   7 / 6         − 1       − 1   ,     



(5)






      β i  =       exp        0.51  σ R 2     ( 1 + 0.69  σ R  12 / 5   )   5 / 6         − 1       − 1   ,     



(6)




where    σ R 2    =   1.23  C n 2   K  7 / 6    d  11 / 6     is the Rytov variance,   C n 2   is the atmospheric refractive index structure parameter,   K = 2 π / λ   is the wave number,  λ  is the wavelength,   d = (  h ′  − h ) /  sin θ    is the FSO propagation distance,   h ′   is the height of the UAV, h is the height of the optical receiver at the destination and  θ  is the angle between the FSO link and the horizontal direction.



By integrating (4), the CDF of the instantaneous SNR for the FSO uplink can be obtained as [32]:


       F  γ 2    (  γ 2  )  =   ξ 2   Γ  (  α 1  )  Γ  (  α 2  )  Γ  (  β 1  )  Γ  (  β 2  )    G     5 , 1       2 , 6               α 1   α 2   β 1   β 2    A 0        γ 2    γ ¯  2          1 ,  ξ 2  + 1        ξ 2  ,  α 1  ,  α 2  ,  β 1  ,  β 2  , 0          .     



(7)







In the FSO downlink, the experienced atmospheric channel distance is the distance from the destination to the relay. Thus, the PDF of the instantaneous SNR for the FSO downlink can be represented as [34]:


       f  γ 2    (  γ 2  )  =   ξ 2   2  γ 2  Γ  (  α 3  )  Γ  (  β 3  )    G     3 , 0       1 , 3            α 3   β 3      γ 2    γ ¯  2           ξ 2  + 1        ξ 2  ,  α 3  ,  β 3           ,     



(8)




where   α 3   and   β 3   are the atmospheric turbulence parameters for the FSO downlink.



Similarly, by integrating (8), the CDF of the instantaneous SNR for the FSO downlink is derived as [35]:


       F  γ 2    (  γ 2  )  =   ξ 2   Γ  (  α 3  )  Γ  (  β 3  )    G     3 , 1       2 , 4            α 3   β 3      γ 2    γ ¯  2          1 ,  ξ 2  + 1        ξ 2  ,  α 3  ,  β 3  , 0          .     



(9)








2.3. CDF of End-to-End SNR


In the dual-hop communication system using DF protocol,   γ = min (  γ 1  ,  γ 2  )   [36,37], where  γ  is the instantaneous end-to-end SNR of the system,   γ 1   and   γ 2   are the instantaneous SNR of the RF and FSO links, respectively. Therefore, the CDF of end-to-end SNR is expressed as [38]:


      F γ   ( γ )      = 1 −  ( 1 −  F  γ 1    ( γ )  )   ( 1 −  F  γ 2    ( γ )  )         =  F  γ 1    ( γ )  +  F  γ 2    ( γ )  −  F  γ 1    ( γ )   F  γ 2    ( γ )  .     



(10)







Substituting (2) and (7) into (10), the CDF of end-to-end SNR for the system uplink is obtained as:


      F γ   ( γ )  = 1 −  e  −  γ  B   γ ¯  1         ∑  m = 0   N − 1     γ m     ( B   γ ¯  1  )  m  m !       1 + W × G     5 , 1       2 , 6          α 1   α 2   β 1   β 2    A 0     γ   γ ¯  2         ϕ 1       ϕ 2          ,     



(11)




where   W =   ξ 2   Γ  (  α 1  )  Γ  (  α 2  )  Γ  (  β 1  )  Γ  (  β 2  )     ;    ϕ 1  = 1 ,  ξ 2  + 1  ;    ϕ 2  =  ξ 2  ,  α 1   ,    α 2  ,  β 1  ,  β 2  , 0  .



Similarly, substituting (2) and (9) into (10), the CDF of end-to-end SNR for the system downlink can be given by:


      F γ   ( γ )  = 1 −  e  −  γ  B   γ ¯  1         ∑  m = 0   N − 1     γ m     ( B   γ ¯  1  )  m  m !       1 +   ξ 2   Γ  (  α 3  )  Γ  (  β 3  )    × G     3 , 1       2 , 4        α 3   β 3    γ   γ ¯  2         1 ,  ξ 2  + 1        ξ 2  ,  α 3  ,  β 3  , 0          .     



(12)









3. Performance Analysis


3.1. Outage Probability


The outage probability is a standard performance metric in wireless communication and refers to the probability that the end-to-end SNR  γ  falls below a specified threshold   γ  t h    resulting in an interruption of data transmission. It is expressed as [39,40]:


         P  o u t    ( γ <  γ  t h   )  =  F γ   (  γ  t h   )  .     



(13)







3.1.1. End-to-End Uplink


By substituting (11) into (13), the outage probability of the end-to-end uplink can be obtained as:


       P  o u t _ u p   = 1 −  e  −   γ  t h    B   γ ¯  1       ∑  m = 0   N − 1       γ  t h    m     ( B   γ ¯  1  )  m  m !     1 + W × G     5 , 1       2 , 6          α 1   α 2   β 1   β 2    A 0      γ  t h     γ ¯  2         ϕ 1       ϕ 2          .     



(14)








3.1.2. End-to-End Downlink


Similarly, by substituting (12) into (13), the outage probability of the end-to-end downlink is written as:


       P  o u t _ d o w n   = 1 −  e  −   γ  t h    B   γ ¯  1       ∑  m = 0   N − 1       γ  t h    m     ( B   γ ¯  1  )  m  m !     1 +   ξ 2   Γ  (  α 3  )  Γ  (  β 3  )    × G     3 , 1       2 , 4        α 3   β 3     γ  t h     γ ¯  2         φ 1       φ 2          ,     



(15)




where    φ 1  =  1 ,  ξ 2  + 1   ;    φ 2  =   ξ 2  ,  α 3  ,  β 3  , 0   .





3.2. Average Bit Error Rate


The average BER is an intuitive way to evaluate the impact of modulation scheme on communication system. Here, we employ the hybrid modulation to improve the performance of the system. PPM-BPSK-SIM is a combination of PPM and BPSK-SIM schemes, where the information symbols are modulated into parallel signals by the PPM encoder, converted into high-rate serial signals and then transferred to the BPSK modulator. For L-PPM, a data symbol consists of L time slots, where L is the average symbol length. The conditional BER of L-PPM-BPSK-SIM is expressed as    P  e _ L − P P M − B P S K − S I M   =   1 2   e r f c     γ L  log 2  L         γ L  log 2  L    4  2         4  2       [41,42,43], where   e r f c  ·    is the complementary error function. The DF scheme is employed in the UAV relay of the mixed RF/FSO UAV dual-hop system, so the average BER is expressed as [44]:


       P e  =  P 1  +  P 2  − 2  P 1   P 2  ,      



(16)




where   P 1   and   P 2   are the average BER of the RF link and FSO link, respectively. By using   e r f c  x  =   1  π    G     2 , 0       1 , 2        x 2      1      0 , 1 / 2          and    e  − x   = G     1 , 0       0 , 1       x     −     0         [45], the average BER of the RF link using hybrid L-PPM-BPSK-SIM can be obtained as:


     P 1     =  ∫ 0 ∞    1 2   e r f c        γ L  log 2  L    4  2         f  γ 1    ( γ )   d γ        =   1  2  π   ( N − 1 )  !    G     2 , 1       2 , 2              L  log 2  L B   γ ¯  1   32        1 − N , 1       0 , 1 / 2          .     



(17)







3.2.1. End-to-End Uplink


The average BER of FSO uplink using hybrid L-PPM-BPSK-SIM is derived as:


     P 2     =  ∫ 0 ∞   1 2  e r f c        γ L  log 2  L    4  2         f  γ 2    ( γ )   d γ          =    ξ 2   2  (  α 1  +  α 2  +  β 1  +  β 2  − 6 )      π  3 / 2   Γ  (  α 1  )  Γ  (  α 2  )  Γ  (  β 1  )  Γ  (  β 2  )    G     10 , 2       4 , 11               α 1 2   α 2 2   β 1 2   β 2 2    8  A 0 2  L  log 2  L   γ ¯  2          κ 1       κ 2          ,     



(18)




where    κ 1  = 1 ,   1 2   ,     ξ 2  + 1  2   ,     ξ 2   + 2   2    ;    κ 2  =    ξ 2  2   ,     ξ 2  + 1  2   ,    α 1  2   ,     α 1  + 1  2    ,      α 2  2   ,     α 2  + 1  2   ,    β 1  2   ,     β 1  + 1  2   ,    β 2  2   ,     β 2  + 1  2   , 0  . Substituting (17) and (18) into (16) and using the extended generalized bivariate Meijer’s G function (EGBMGF) [46], the average BER of the end-to-end uplink is obtained as:


      P u  =       1  2  π    N − 1   !    G     2 , 1       2 , 2          L  log 2  L B   γ ¯  1   32        1 − N , 1       0 , 1 / 2        +     ξ 2   2  (  α 1  +  α 2  +  β 1  +  β 2  − 6 )      π  3 / 2   Γ  (  α 1  )  Γ  (  α 2  )  Γ  (  β 1  )  Γ  (  β 2  )              ×   G     10 , 2       4 , 11             α 1   2     α 2   2     β 1   2     β 2   2    8    A 0   2  L  log 2  L   γ ¯  2          κ 1       κ 2          −   1    N − 1   !  π                × G     0 , 0 : 2 , 1 : 10 , 2       0 , 0 : 2 , 2 : 4 , 11            1 − N , 1       0 , 1 / 2           κ 1       κ 2         L  log 2  L B   γ ¯  1   32   ,       α 1   2     α 2   2     β 1   2     β 2   2    8    A 0   2  L  log 2  L   γ ¯  2         .     



(19)








3.2.2. End-to-End Downlink


The average BER of FSO downlink using hybrid L-PPM-BPSK-SIM is expressed as:


     P 2     =  ∫ 0 ∞   1 2  e r f c         γ L  log 2  L    4  2          f  γ 2    ( γ )   d γ          =     ξ 2   2  (  α 3  +  β 3  − 4 )      π  3 / 2   Γ  (  α 3  )  Γ  (  β 3  )     G     6 , 2       4 , 7              2  α 3 2   β 3 2    L  log 2  L   γ ¯  2          θ 1       θ 2          ,        



(20)




where    θ 1  = 1 ,  1 2  ,    ξ 2  + 1  2  ,    ξ 2   + 2   2   ;    θ 2  =   ξ 2  2  ,    ξ 2  + 1  2  ,   α 3  2  ,    α 3  + 1  2  ,   β 3  2   ,      β 3  + 1  2  , 0  . Substituting (17) and (20) into (16), the average BER of the end-to-end downlink is written as:


      P d  =       1  2  π    N − 1   !    G     2 , 1       2 , 2          L  log 2  L B   γ ¯  1   32        1 − N , 1       0 , 1 / 2        +     ξ 2   2   α 3  +  β 3  − 4      π  3 2   Γ  (  α 3  )  Γ  (  β 3  )       G     6 , 2       4 , 7          2  α 3 2   β 3 2      γ ¯  2  L  log 2  L         θ 1       θ 2                   −      2    N − 1   !  π     G     0 , 0 : 2 , 1 : 6 , 2       0 , 0 : 2 , 2 : 4 , 7            1 − N , 1       0 , 1 / 2           θ 1       θ 2         L  log 2  L B   γ ¯  1   32   ,    2  α 3 2   β 3 2      γ ¯  2  L  log 2  L        .     



(21)









3.3. Average Channel Capacity


The accurate definition of the average channel capacity is given in [29,47], which is    C ¯  = E    log 2   ( 1 + γ )     .   E ( · )   is the mathematical expectation operator. Based on this, the average channel capacity can be specifically expressed as [48,49]:


    C    =  ∫ 0 ∞   log 2   ( 1 + γ )   f γ   ( γ )   d γ          =   1  ln 2     ∫ 0 ∞      F γ C   ( γ )    1 + γ     d γ ,     



(22)




where    F γ C   ( γ )  = 1 −  F γ   ( γ )   .



3.3.1. End-to-End Uplink


Substituting (11) into (22) and using the Fox’s H function [50], the average channel capacity of the end-to-end uplink is obtained as:


     C u     =  1  ln 2    ∫ 0 ∞   1  1 + γ    e  −  γ  B   γ ¯  1         ∑  m = 0   N − 1     γ m     ( B   γ ¯  1  )  m  m !       1 + W × G     5 , 1       2 , 6          α 1   α 2   β 1   β 2    A 0     γ   γ ¯  2         ϕ 1       ϕ 2          d γ          =  1  ln 2    ∑  m = 0   N − 1      1    ( B   γ ¯  1  )  m  m !   G     2 , 1       1 , 2        1  B   γ ¯  1         − m       0 , − m        + R × H       0 , 1 : 1 , 1 : 5 , 1       1 , 0 : 1 , 1 : 2 , 6           Λ     −      ( 0 , 1 )       ( 0 , 1 )      Φ     Ξ     Δ , Θ     ,      



(23)




where   H        m 1  ,  n 1  :  m 2  ,  n 2  :  m 3  ,  n 3         p 1  ,  q 1  :  p 2  ,  q 2  :  p 3  ,  q 3       ·    is the Fox’s H function,   R =    ξ 2  B   γ ¯  1    Γ  (  α 1  )  Γ  (  α 2  )  Γ  (  β 1  )  Γ  (  β 2  )   m !     ;   Λ = ( − m , 1 , 1 / 2 )  ;   Φ =  ( 1 , 1 )  ,  (  ξ 2  + 1 , 1 )   ;   Ξ =  (  ξ 2  , 1 )  ,  (  α 1  , 1 )  ,  (  α 2  , 1 )  ,  (  β 1  , 1 )  ,  (  β 2  , 1 )  ,  ( 0 , 1 )   ;   Δ = B   γ ¯  1   ;   Θ =    α 1   α 2   β 1   β 2    A 0      B   γ ¯  1     γ ¯  2     .




3.3.2. End-to-End Downlink


Similarly, by substituting (12) into (22), the average channel capacity of end-to-end downlink is written as:


     C d     =  1  ln 2    ∫ 0 ∞   1  1 + γ    e  −  γ  B   γ ¯  1         ∑  m = 0   N − 1     γ m     ( B   γ ¯  1  )  m  m !       1 + Q × G       3 , 1       2 , 4        α 3   β 3    γ   γ ¯  2         φ 1       φ 2          d γ          =  1  ln 2    ∑  m = 0   N − 1      1    ( B   γ ¯  1  )  m  m !   G       2 , 1       1 , 2        1  B   γ ¯  1         − m       0 , − m        + S × H     0 , 1 : 1 , 1 : 5 , 1       1 , 0 : 1 , 1 : 2 , 6           Λ     −      ( 0 , 1 )       ( 0 , 1 )      Φ     K     Δ , Ω      ,      



(24)




where   Q =   ξ 2   Γ  (  α 3  )  Γ  (  β 3  )     ;   S =    ξ 2  B   γ ¯  1     Γ  (  α 3  )  Γ  (  β 3  )   m    ;   K =  (  ξ 2  , 1 )  ,  (  α 3  , 1 )  ,  (  β 3  , 1 )  ,  ( 0 , 1 )   ;   Ω =  α 3   β 3     B   γ ¯  1     γ ¯  2     .






4. Numerical Results and Discussion


In this section, we utilize the mathematical expressions derived in Section 3 to evaluate the performance of the mixed RF/FSO UAV system based on MRR and RIS. Here, we do not consider factors such as the jitter of the UAV. In our analysis, the wavelength of the laser is set to 1550 nm, the aperture of both the MRR at the relay and the receiver at the destination is fixed at 10 cm, and the beamwidth at distance d is   0.03 m r a d    ∗ d  . In addition, the distance of the RF link is set to 1.0 km, and the FSO communication distance is generally 5.0 km without special instructions. The height of the optical receiver at the destination from the ground is 50 m, the height difference between the UAV and the optical receiver is 100 m, and the angle between the FSO link and the horizontal direction is 1.2 degrees. The number of iterations of the simulation is   10 6  . The atmospheric refractive index structure parameters are set to    C n 2  = 5.2 ×  10  − 16    m  − 2 / 3     (  α = 11.8 , β = 10.2  ),    C n 2  = 6.5 ×  10  − 15    m  − 2 / 3     (  α = 4.0 , β = 1.6  ), and    C n 2  = 3.0     ×  10  − 14    m  − 2 / 3     (  α = 6.0 , β = 1.1  ) corresponding to weak, moderate, and strong turbulence, respectively. Because of the use of MRR, the beam is immediately reflected from the UAV relay to the destination, we set    α 1  =  α 2  =  α 3  = α   and    β 1  =  β 2  =  β 3  = β  . For the pointing error, we let    ξ = 10     as small pointing error and    ξ = 1     as large pointing error.



The outage probability of the mixed RF/FSO UAV dual-hop system are shown in Figure 3, Figure 4 and Figure 5. In Figure 3, under moderate turbulence and small pointing error, we set   N = 5 , 10 , 15 , 20   to analyze the impact of RIS on the outage probability of end-to-end downlink and end-to-end uplink by varying the number of reflective elements and compare the performance with that of the scheme without RIS. As expected, the outage probability with RIS is several orders of magnitude lower than the scheme without RIS. The simulation results show that the performance of the end-to-end downlink is better than that of the end-to-end uplink, which is caused by the fact that the FSO uplink experiences twice the atmospheric channel distance than the FSO downlink. In addition, both have their own performance thresholds, because we fixed the SNR of the FSO link, when the SNR is low, the performance of the whole system is greatly influenced by the RF link. Furthermore, when the SNR gradually increases, the outage probability of RF link will be very small and the performance of the whole system will be dominated by the FSO link. Specifically, when      γ ¯  1  = 5   dB and   N = 10  , the end-to-end uplink and end-to-end downlink outage probabilities are   3.3 ×  10  − 2     and   3.3 ×  10  − 3    , respectively. Moreover, the outage probability decreases more significantly as N increases. Therefore, the use of RIS can improve system performance to a large extent by reducing outage probability, especially in low SNR regions.



In Figure 4a,b, the outage probability of end-to-end uplink and end-to-end downlink are analyzed under different atmospheric turbulence and pointing error. Here, we set     γ ¯  1   =    γ ¯  2   =   γ ¯   . As clearly seen from the result, the outage probability of the uplink and downlink increases with the growth of atmospheric turbulence and pointing error. Furthermore, the downlink outperforms the uplink in the same weather conditions. For instance, under weak turbulence and small pointing error, the outage probability of uplink and downlink at    γ ¯   =  20   dB are   8.1 ×  10  − 3     and   8.6 ×  10  − 6    , respectively. The reason for this phenomenon is that the atmospheric channel distance experienced by the FSO uplink is twice that of the FSO downlink.



Figure 5 analyzes the outage probability with different FSO communication distance under moderate turbulence and small pointing error, where d is set to 3.5 km, 5.0 km and 6.5 km. As expected, the result shows that the outage probability gradually drops as the FSO communication distance decreases. Likewise, the performance of the downlink still outperforms the uplink. Moreover, when    γ ¯   =  30   dB, the outage probability of the uplink are   5.8 ×  10  − 2    ,   1.0 ×  10  − 1     and   1.3 ×  10  − 1     at 3.5 km, 5.0 km and 6.5 km, while they are   3.3 ×  10  − 3    ,   1.1 ×  10  − 2     and   1.9 ×  10  − 2     in the downlink.



Figure 6 illustrates the average BER performance of the end-to-end downlink using L-PPM-BPSK-SIM under conditions of moderate turbulence and small pointing error. Since many communication systems use BPSK modulation scheme with low BER to improve the communication performance, Figure 6 compares the L-PPM-BPSK-SIM and BPSK schemes. We set   L = 4 , 8 , 16 , 32 , 64  , the data reveals that the average BER with L-PPM-BPSK-SIM less than that with the BPSK when the value of L is greater than eight, and the average BER decreases continuously as the value of L increases. For example, when    γ ¯  = 30   dB, the average BER with the BPSK scheme is   2.7 ×  10  − 3    , the average BER of the L-PPM-BPSK-SIM scheme reaches   1.6 ×  10  − 3    ,   7.7 ×  10  − 4     and   3.9 ×  10  − 4     for L of 16, 32 and 64, respectively.



Figure 7 depicts the average BER of end-to-end downlink and end-to-end uplink with different number of RIS reflective elements under moderate turbulence and small pointing error. Expectedly, the average BER performance of the downlink is significantly better than that of the uplink, and the average BER decreases to the threshold as the SNR increases, for reasons explained in Figure 3. Moreover, the larger the value of N, the faster the average BER decreases. Specifically, when     γ ¯  1  = − 10   dB and   N = 10  , the end-to-end uplink and downlink average BER is   3.1 ×  10  − 3      and   1.3 ×  10  − 4     . Obviously, the average BER performance with RIS has a great improvement over that the scheme without RIS.



Figure 8a,b demonstrate the average BER of the end-to-end uplink and end-to-end downlink under different atmospheric turbulence and pointing error. As expected, like the performance of outage probability, the average BER performance of the downlink is still better than that of the uplink. From Figure 8b, the average BER of weak turbulence is significantly smaller than that of moderate and strong turbulence. Moreover, when    γ ¯    = 20    dB, the average BER of uplink and downlink under weak turbulence in Figure 8a are   2.2 ×  10  − 2     and   1.5 ×  10  − 2    , while in Figure 8b, the average BER of uplink and downlink are   1.7 ×  10  − 5     and   4.6 ×  10  − 8    .



In Figure 9, the average BER of different FSO communication distance is analyzed under moderate turbulence and small pointing error. Based on this, we set the FSO communication distance as 3.5 km, 5.0 km, and 6.5 km. Expectedly, the average BER of both the uplink and downlink reduces as d decreases. For instance, when    γ ¯  = 30   dB, the average BER of the uplink are   3.4 ×  10  − 3    ,   1.2 ×  10  − 2     and   2.4 ×  10  − 2     at 3.5 km, 5.0 km and 6.5 km, while they are   1.6 ×  10  − 4    ,   7.7 ×  10  − 4     and   1.8 ×  10  − 3     in the downlink.



Finally in Figure 10, we illustrate the average channel capacity of the end-to-end uplink and end-to-end downlink by varying the number N of RIS reflective elements under moderate turbulence and small pointing error. It can be seen that the channel capacity of the uplink is slightly lower than that of the downlink when RIS is not available, while the channel capacity of the uplink is greater than that of the downlink with RIS. This proves that RIS has a greater improvement effect on the uplink than on the downlink. Furthermore, when     γ ¯  1  = 5   dB and   N = 5  , the average channel capacity is 6.49 bits/s/Hz and 5.98 bits/s/Hz for the uplink and downlink, respectively, and 1.71 bits/s/Hz and 1.66 bits/s/Hz when RIS is not present. Furthermore, the performance improvement will be more pronounced as the value of N increases.




5. Conclusions


In this paper, we studied a mixed RF/FSO UAV system based on MRR and RIS with hybrid L-PPM-BPSK-SIM to improve the system performance. The RF channel and the FSO channel follow Rayleigh and Gamma–Gamma distributions, respectively. Note that atmospheric turbulence and pointing error were considered in the FSO link. Moreover, we derived closed expressions for the outage probability, average BER, and average channel capacity by using Meijer’s G function and Fox’s H function. Capitalizing on these expressions, we thoroughly evaluated the performance of the end-to-end uplink and end-to-end downlink, and analyzed the differences between them.



The study results show that the use of RIS can effectively improve the performance of the mixed RF/FSO UAV system, and the more the number of reflective elements of RIS is, the better the performance will be. However, the adoption of MRR is sacrificing uplink performance in exchange for the weight, size and power consumption reduction of the relay. As expected, this study not only addresses the limitation of UAV relay by installing MRR, but also significantly improve the overall performance of the system by adopting RIS. Moreover, using hybrid L-PPM-BPSK-SIM with an average symbol length L greater than eight can obviously improve the average BER of the system and outperform the BPSK scheme. Therefore, the work provides a meaningful reference for designing an optimal UAV-based communication system.
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Figure 1. A mixed RF/FSO UAV communication system based on MRR and RIS. 
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Figure 2. Schematic diagram of MRR FSO with bidirectional communication. 
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Figure 3. Outage probability with different N when    γ  t h   = 15   dB,   α = 4.0  ,   β = 1.6  ,   ξ = 10  ,     γ ¯  2  = 50   dB,   d = 5.0   km. 
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Figure 4. Outage probability under different atmospheric turbulence and pointing error when    γ  t h   = 0   dB,   ξ = 10  ,   N = 10  ,   d = 5.0   km. 
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Figure 5. Outage probability under different FSO communication distance when    γ  t h   = 0   dB,   ξ = 10  ,   N = 10  . 
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Figure 6. Average BER of end-to-end downlink under different L when   α = 4.0  ,   β = 1.6  ,   ξ = 10  ,   d = 5.0   km,   N = 10  . 
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Figure 7. Average BER with different N when   α = 4.0  ,   β = 1.6  ,   ξ = 10  ,     γ ¯  2  = 40   dB,   d = 5.0   km,   L = 32  . 
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Figure 8. Average BER under different pointing error and atmospheric turbulence when   d = 5.0   km,   L = 32  ,   N = 10  . 






Figure 8. Average BER under different pointing error and atmospheric turbulence when   d = 5.0   km,   L = 32  ,   N = 10  .



[image: Photonics 09 00379 g008]







[image: Photonics 09 00379 g009 550] 





Figure 9. Average BER under different FSO communication distance when   ξ = 10  ,   L = 32  ,   N = 10  . 
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Figure 10. Average channel capacity under different N when   α = 4.0  ,   β = 1.6  ,   ξ = 10  ,     γ ¯  2  = 40   dB,   d = 5.0   km. 
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