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 Internet of things (IoT) with continuous development allows multiple 

devices to be connected to each other through the external environment. 

With that, free space optical (FSO) transmission links provide high data 

transmission rates, so that enhanced quality of services, that is very suitable 

for deployment for fifth generation (5G) and IoT. FSO is known as license 

free, cost effective and line-of-sight green communication technology, 

which is employed in various circumstances, such as high data rate 

connections between buildings within campus or city. This study performs 

enhancement of FSO link for reconfigurable intelligent surfaces (RISs) aided 

over free space with gamma-gamma distribution channels. The paper 

analyzes the performance of FSO links affected by misalignment fading, 

RISs aided, and link distance with the subcarrier quadrature amplitude 

modulation scheme. Several numerical outcomes obtained for average 

electrical end-to-end signal-to-noise ratio, misalignment fading displacement 

standard deviation and link distance are shown to illustrate the average 

channel capacity of systems. 
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1. INTRODUCTION 

With the advantage of optical wireless communication (OWC), that it is used for the specialized 

environments and high data transmission rates link requirements of the fifth-generation wireless 

communication and beyond [1]. The benefits of free space optical links are larger bandwidth, cost 

effectiveness, higher channel capacity, setup and system design are also uncomplicated [1]–[5]. However, 

there are challenges as optical wavelengths propagate through the free space, such as signal obstruction, 

attenuation, signal fading and misalignment fading [6]–[10]. This paper performs enhancement free space 

optical (FSO) link to solve performance of systems affected with using reconfigurable intelligent surfaces 

(RISs) technique over strong atmospheric turbulence. RISs is relay technique that is considered to have many 

benefits and has been studied in recent years [11]–[15]. 

https://creativecommons.org/licenses/by-sa/4.0/
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Over the years, there have been many studies on optical wireless communication using RISs 

technology and the results show its superiority. However, the channel state parameters have not been 

combined and fully evaluated, and average channel capacity (ACC), quadrature amplitude modulation 

(QAM) technique unused [16]–[21]. RISs technique offers optical wireless communication link many 

benefits over relay technique of systems, these benefits of RISs have been recently studied in [22]–[26]. 

This paper, we performance enhancement of high-speed free space optical link for the 

implementation of 5G and beyond using RISs over gamma-gamma distribution. The paper is organized as 

follows. Section 2 presents the system and channel models. Section 3 presents the average channel capacity 

calculation. Section 4 describes numerical results and discussions, and in section 5, the paper concludes. 

 

 

2. SYSTEM AND CHANNEL MODELS 

2.1.  System model 

The system and channel model for performing the evaluation is describe in Figure 1, in which, the 

optical signal transmitted from transmitter node S to receiver node D will be reflected at RISs. Due to 

obstructions, the signal does not transmit directly from S to D and the RISs is placed in the appropriate 

location and acts as a complete reflector of the optical signal, the signal absorption is negligible. In this case, 

the transmission channel is affected by strong turbulence of weather and is modeled by gamma-gamma 

distribution. 

 

 

 
 

Figure 1. The system and channel model with RISs aided 

 

 

The factors characterizing a free space optical channel comprises the atmospheric attenuation (hl), 

atmospheric turbulence (ha), and misalignment fading (hp). The channel state model (h) is composed of three 

elements, and it is given by (1). 

 

ℎ = ℎ𝑙 × ℎ𝑎 × ℎ𝑝 (1) 

 

In this case, the transmission channel is affected by moderate to strong turbulence of weather and gamma-

gamma distribution is used, the pdf of irradiance intensity of optical signal [18], 𝑓ℎ𝑎(ℎ𝑎), it is expressed by 

(2). 

 

𝑓ℎ𝑎(ℎ𝑎) =
2(𝛼𝛽)

𝛼+𝛽
2

𝛤(𝛼)𝛤(𝛽)
ℎ𝑎

𝛼+𝛽

2
−1
𝐾𝛼−𝛽(2√𝛼𝛽ℎ𝑎) (2) 

 

where 𝐾𝛼−𝛽(∙) is the modified Bessel function, 𝛤(𝛼),  𝛤(𝛽) is the Gamma function, 𝛽 is positive parameter 

represents of small-scale cells, 𝛼 represents of large-scale cells of the scattering process. 
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𝛼 = [𝑒𝑥𝑝 (
0.49𝜎2

2

(1+0.18𝑑2+0.56𝜎2
12/5

)
7/6) − 1]

−1

  (3) 

 

𝛽 = [𝑒𝑥𝑝 (
0.51𝜎2

2(1+0.69𝜎2
12/5

)
−5/6

1+0.9𝑑2+0.62𝜎2
12/5 ) − 1]

−1

 (4) 

 

In (3) and (4), 𝑑 = √𝑘𝐷2/4𝐿, where 𝑘 = 2𝜋/𝜆 is the wave number, 𝜆 is the optical wavelength, 𝐷 is the 

radius of receiving aperture, 𝐿 is the link distance, and 𝜎2 is the Rytov variance, 𝜎2
2 = 0.492𝐶𝑛

2𝑘7/6𝐿11/6, 

where 𝐶𝑛
2 is the structure parameter of refractive-index. 

The atmospheric attenuation (ℎ𝑙) is always present factor when signal transmitted in the air, the 

value can be determined in each given environment, and it is described by the Beer-Lambert’s law, it is 

expressed by (5). 

 

ℎ𝑙 = 𝑒𝑥𝑝(−𝜎𝑙𝐿𝑎) (5) 

 

where, 𝐿𝑎 is the distance of channel, 𝜎𝑙 is the attenuation coefficient, the attenuation coefficient is a measure 

of how much a wave or signal decreases in intensity as it travels through a medium, the attenuation 

coefficient 𝜎𝑙 with the value of 𝜎𝑙(dB) [dB/km], it is given by (6). 

 

𝜎𝑙 =
3,91

𝑉[km]
(
𝜆[nm]

550
)
−𝑞

 (6) 

 

where, 𝑞 is the size distribution of scattering particles, V is the visibility. The pdf of misalignment fading 

model, 𝑓ℎ𝑝(ℎ𝑝) [15], it is given by (7). 

 

𝑓ℎ𝑝(ℎ𝑝) =
𝜉2

𝐴0
𝜉2
ℎ𝑝
𝜉2−1,  0 ≤ ℎ𝑝 ≤ 𝐴0 (7) 

 

where, 𝐴0 = [erf(𝑣)]2 is power at radial distance 𝑧 = 0, 𝑣 = √𝜋𝑟/(√2𝜔𝑧), 𝑟, 𝜔𝑧 are aperture radius and 

beam waist at the distance z, respectively, 𝜔𝑧𝑒𝑞  can calculated by (8). 

 

𝜔𝑧𝑒𝑞 = 𝜔𝑧(√𝜋 𝑒𝑟𝑓( 𝑣)/2𝑣 × 𝑒𝑥𝑝( − 𝑣2))1/2 (8) 

 

where, 𝜔𝑧 = 𝜔0[1 + 𝜀(𝜆𝐿/𝜋𝜔0
2)2]1/2, at 𝑧 = 0, the transmitter beam waist radius is 𝜔0, 𝜀 = (1 + 2𝜔0

2)/𝜌0
2 

and 𝜌0 = (0.55𝐶𝑛
2𝑘2𝐿)−3/5 is the coherence length. 

 

2.2.  The signal-to-noise ratio 

Assume that, the RISs module is placed in the appropriate location and acts as a complete reflector 

of the optical signal, the signal absorption is negligible, and take over the channel phases perfect knowledge 

at RISs and transmitter node S. The detected signal at receiver node D [19] is expressed by (9). 

 

𝑦 = √𝐸𝑠(ℎ𝜇𝑒
𝑗𝜃𝑔)𝑥 + 𝑛 (9) 

 

where, 𝐸𝑠 is the symbol energy, ℎ and 𝑔 are respectively the transmitter node S to RISs and RISs to receiver 

D complex channel vectors, it is expressed by (10). 

 

𝛾 = �̄�|ℎ𝜇𝑒𝑗𝜃𝑔|
2
 (10) 

 

where �̄� =
𝐸𝑠

𝑁0
 represents the average electrical signal-to-noise ratio in both from transmitter node S to RISs 

and RISs to receiver D, 𝑁0 is the noise power spectral density. 

 

2.3.  The PDF of signal-to-noise ratio 

The probability density function of average electrical SNR of system, 𝑓𝛾(𝛾), is computed from the 

SNRs, 𝛾ℎ, and 𝛾𝑔. The gain of system is expressed by ℎ𝜇𝑒𝑗𝜃𝑔, where 𝜇𝑒𝑗𝜃 is deterministic in contrast to ℎ 

and 𝑔. The PDF of average electrical SNR, 𝑓𝛾(𝛾), is evaluated in [20] and it is expressed by (11).  
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𝑓𝛾(𝛾) = ∫ 𝑓𝛾ℎ(𝑡)𝑓𝛾𝑔 (
𝛾

𝑡
)
1

𝑡
𝑑𝑡

∞

0
 (11) 

 

where 𝑓𝛾ℎ(⋅) is the PDF of the S to RIS, and 𝑓𝛾𝑔(⋅) is the RIS to D channels. A combined distribution 

including strong atmospheric turbulence, misalignment fading, and atmospheric attenuation. The PDF of 

channel state, 𝑓𝛾𝑖(𝛾𝑖) is expressed as (12), 

 

𝑓𝛾𝑖(𝛾𝑖) =
𝜉2

(𝐴0𝑋𝑙)
𝜉2𝛤(𝛼)𝛤(𝛽)

× 𝐺1,3
2,1 [𝛼𝛽

𝛾𝑖

𝐴0𝑋𝑙�̄�
|
 1 + 𝜉2

 𝛼,  𝛽, 𝜉2
] (12) 

 

Perform transformation 𝛾𝑖 by 𝑡 and 
𝛾

𝑡
 in (12), and obtain 𝑓𝛾ℎ(𝑡) and 𝑓𝛾𝑔(

𝛾

𝑡
) respectively as (13) and (14). 

 

𝑓𝛾ℎ(𝑡) =
𝜉2

(𝐴0𝑋𝑙)
𝜉2𝛤(𝛼)𝛤(𝛽)

× 𝐺1,3
2,1 [𝛼𝛽

𝑡

𝐴0𝑋𝑙�̄�ℎ
|
 1 + 𝜉2

 𝛼,  𝛽, 𝜉2
] (13) 

 

𝑓𝛾𝑔(
𝛾

𝑡
) =

𝜉2

(𝐴0𝑋𝑙)
𝜉2𝛤(𝛼)𝛤(𝛽)

× 𝐺1,3
2,1 [𝛼𝛽

𝛾

𝐴0𝑋𝑙�̄�𝑔𝑡
|
 1 + 𝜉2

 𝛼,  𝛽, 𝜉2
] (14) 

 

In (13) and (14), �̄�ℎ and �̄�𝑔 are average values of the 𝛾ℎ and 𝛾𝑔, respectively. Preform substitute (13) and (14) 

in to (11), the pdf of average electrical SNR, 𝑓𝛾(𝛾), is given as (15). 

 

𝑓𝛾(𝛾) =
𝜉4

(𝑋𝑙𝐴0)
𝜉4(𝛤(𝛼)𝛤(𝛽))2

× ∫ 𝐺1,3
2,1 [𝛼𝛽

𝑡

𝐴0𝑋𝑙�̄�ℎ
|
 1 + 𝜉2

 𝛼,  𝛽, 𝜉2
] ×

∞

0
𝐺1,3
2,1 [𝛼𝛽

𝛾

𝐴0𝑋𝑙�̄�𝑔𝑡
|
 1 + 𝜉2

 𝛼,  𝛽, 𝜉2
]
1

𝑡
𝑑𝑡(15) 

 

With the integral of two function Meijer, perform the solution of the integral function in (15), and obtain the 

exact PDF of average electrical SNR, the exact unified PDF, 𝑓𝛾(𝛾), as (16). 

 

𝑓𝛾(𝛾) =
𝜉4

(𝑋𝑙𝐴0)
𝜉4(𝛤(𝛼)𝛤(𝛽))

2 × 𝐻2,6
4,2 

(
(𝛼𝛽)2𝛾

(𝐴0𝑋𝑙)
2�̄�ℎ�̄�𝑔

|
 (1 + 𝜉2, 1), (1 − 𝛼,−1), (1 − 𝛽,−1), (1 − 𝜉2, −1)

 (𝛼, 1), (𝛽, 1), (−𝜉2, −1), (𝜉2, 1)
) (16) 

 

 

3. AVERAGE CHANNEL CAPACITY CALCULATION 

The channel capacity as a random variable, known as average channel capacity (ACC), ⟨𝐶⟩, the 

average spectral efficiency (ASE) in bits/s/Hz can also be described in terms of ACC. Assuming that, the 

optical channel is memoryless, ergodic, stationary with perfect channel state information and turbulence 

statistics is available at both the transmitters and receivers [18]. The ASE can be estimated as (17). 

 

⟨�̄�⟩ = ∫ 𝐵𝑙𝑜𝑔2(1 + 𝛾) × 𝑓(𝛾)𝑑𝛾
∞

0
, [bit/s/Hz] (17) 

 

where 𝐵 is the bandwidth of transmission channel, 𝑓𝛾(𝛾) is the pdf of SNR. In (17), using the equality 

𝑙𝑛( 1 + 𝑥) = ∑ (−1)𝑘+1𝑥𝑘/𝑘+∞
𝑘=1  for 0 ≤ 𝑥 ≤ 1. The pdf of SNR is respectively described in Gamma-

Gamma is expressed as (18). 

 

⟨
�̄�

𝐵
⟩ = ∫

𝜉4∑
(−1)𝑘+1𝛾𝑘

𝑘
+∞
𝑘=1

𝑙𝑛(2)(𝑋𝑙𝐴0)
𝜉4(𝛤(𝛼)𝛤(𝛽))

2

∞

0
  

𝐻2,6
4,2 (

(𝛼𝛽)2𝛾

(𝐴0𝑋𝑙)
2�̄�ℎ�̄�𝑔

|
 (1 + 𝜉2, 1), (1 − 𝛼,−1), (1 − 𝛽,−1), (1 − 𝜉2, −1)

 (𝛼, 1), (𝛽, 1), (−𝜉2, −1), (𝜉2, 1)
) 𝑑𝛾  (18) 

 

 

4. NUMERICAL RESULTS AND DISSCUSSION 

In this part, we show numerical results for ASE analysis of the transmission link with RIS aided 

from (16) and (18), and analyze the performance influenced by misalignment fading, radius of a circular 

receiving aperture, and link distance for the subcarrier quadrature amplitude modulation technique. The 

constants and parameters considered in our analysis are presented in Table 1. 
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Table 1. System constants and parameters 
Parameter Symbol Value 

Laser wavelength λ 1550 nm 
Modulation index 𝜅 1 

Total noise variance N0 10-7A/Hz 
Photodetector responsivity ℜ 1 A/W 

Structure parameter of refractive-index 𝐶𝑛
2 3.10−14𝑚−2/3 

Receiver aperture diameter 𝐷 0.08𝑚 

 

 

Figure 2 illustrates the ASE for FSO link with RIS aided and without RIS aided respect to �̄�, for 

various values of displacement standard deviation, 𝜎𝑠, and distances of transmission channel, L = 2000 m. It 

can be seen that, the average spectral efficiency strongly depends on the RISs aided, since the great value 

domain of SNR is the stronger effects of RIS becomes. Obviously, with longer link distance, the 

misalignment fading effects on ASE is greater. It has been noticed that when the without RIS aided, the 

average channel capacity of the system degrades. 

Figure 3 illustrate the ASE performance versus link distance for various values of misalignment 

fading displacement standard deviation in case with RIS and without RIS. It is clearly proven that; the ASE 

performance is deteriorated significantly when link distance increase and the average spectral efficiency 

performance is increase significantly with the RIS aided. In brief, the ASE strongly relies on the 

misalignment fading displacement standard deviation and reconfigurable intelligent surfaces. 

 

 

 
 

Figure 2. Average spectral efficiency performance versus average electrical SNR for various values of 𝜎𝑠 
 

 

 
 

Figure 3. Average spectral efficiency performance versus link distance for various values of 𝜎𝑠 
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5. CONCLUSION 

This study, we introduced the performance analysis of the high-speed FSO transmission link over 

strong turbulence of weather channels model by the gamma-gamma distributions that used to describe the 

fluctuation of the optical propagation. We studied the average spectral efficiency of the system in different 

link distance, misalignment fading displacement standard deviation and reconfigurable intelligent surfaces. 

The numerical results proved that, regardless the link distance and misalignment fading, the average spectral 

efficiency improves significantly with the support of reconfigurable intelligent surfaces.  
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