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 This paper is concerned performance analysis of a wireless optical link with 
reconfigurable intelligent surfaces (RISs) aided and the implications of using 

the Gaussian Q-function. The Gaussian Q-function plays a critical role in the 
performance analysis of communication systems, particularly in scenarios 
involving noise and fading, including optical links and those aided by 
technologies like RISs. The analytical expression for performance is derived 
from the average of the symbol error rate (ASER) conditioned on the signal-
to-noise ratio (SNR), incorporating the effects of noise and fading. 
Depending on the modulation scheme and fading model, the specific 
expressions for ASER can vary. The Gaussian Q-function significantly 

impacts the performance of systems; its mathematical properties and 
relationships with RISs and quadrature amplitude modulation (QAM) 
provide essential insights into system behavior under various conditions.  
The upper and lower bounds are commonly used to approximate the 
Gaussian Q-function, since the Gaussian Q-function doesn’t have a closed-
form solution, bounds and approximations are often used. 
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1. INTRODUCTION 

Free-space optical (FSO) communication systems use light to wirelessly transmit data through the 

atmosphere. They typically employ lasers or LEDs as the light source, transmitting data between two points 

(such as between buildings, satellites, or other line-of-sight locations) without relying on physical cables. 

These systems are gaining popularity due to their high data rates, security, and cost-effectiveness over shorter 

distances compared to fiber optics [1]-[7]. Deploying FSO communication systems requires careful planning, 

site assessment, and specialized equipment to ensure optimal performance. Given the unique challenges 
posed by atmospheric conditions, alignment, and distance, FSO deployment demands considerations that 

balance technical requirements and environmental factors [8]-[15]. 

The use of reconfigurable intelligent surfaces (RISs) is a promising technique in wireless 

communication, showing notable superiority in enhancing signal quality, coverage, and spectral efficiency. 

However, as you pointed out, some transmission parameters, such as modulation schemes like quadrature 

amplitude modulation (QAM) and performance metrics like the average symbol error rate (ASER), are 

essential yet often under-evaluated in the RIS context. Incorporating these aspects could lead to a more 
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comprehensive understanding of RIS effectiveness under different modulation schemes and provide insights 

into practical performance [16]-[24]. In FSO communication, the Gaussian Q-function is frequently used to 

model the probability of signal errors due to fading and turbulence in the channel. Because FSO systems 

often operate over long distances and are subject to atmospheric disturbances (like fog, rain, and turbulence), 

the Q-function’s upper and lower bounds become essential tools for approximating error probabilities in 

these systems [25]-[31]. 

In fading channels, the ASER analysis accounts for the fact that the signal experiences random 
variations in amplitude and phase due to multipath propagation. Since symbol error rates depend on the 

signal-to-noise ratio (SNR), which itself fluctuates due to fading, calculating ASER requires an averaging 

process. The ASER analysis over atmospheric turbulence channels involves averaging the Gaussian  

Q-function with a random variable due to fading, the Gaussian Q-function, defined by [1]. 
 

𝑄(𝑥) =
1

2𝜋
∫ 𝑒𝑥𝑝 (−

𝑡2

2
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𝑥
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One common technique in ASER analysis is to use an alternative representation of the Gaussian  

Q-function to simplify integration. This often involves expressing the Q-function in a form that makes 

averaging over the fading distribution more manageable. One approach is to make use of an alternative 

representation of (1), and this has resulted, derived by Craig [2], as (2). 
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This study, we theoretically performance analysis of wireless optical link with RIS aided and the 

implications of using Gaussian Q-function, the study is organized as follows. System and channels model is 

present in section 2. In section 3 presents the ASER. In section 4, the numerical results and discussions are 

presents. The study is included in section 5. 

 

 

2. THE SYSTEM MODEL AND CHANNEL FADING 

The system model, it sounds like you’re describing a setup where a FSO communication link is 

enhanced with the help of RISs. In such a system, the RISs are typically placed strategically along the optical 

link to assist in redirecting, reflecting, or focusing the optical signals, thus helping to mitigate issues like 

atmospheric turbulence, scattering, and alignment problems that are common in FSO links. The system 
model under study is shown in Figure 1. 

 

 

 
 

Figure 1. A diagram of system model 

 
 

The Weibull distribution is a versatile statistical model often used to characterize fading in wireless 

communication channels, including FSO. The Weibull distribution is a versatile probability distribution often 

used in reliability analysis, failure time analysis, and modeling various types of data, particularly in fields 
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such as engineering, weather forecasting, and telecommunications. The probability density function (PDF) is 

given by [3]. 
 

𝑓𝑊(𝐼; 𝛽, 𝜂) =
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𝜂
(
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where 𝜂 > 0 is a critical component of the Weibull distribution, influencing its shape and behavior, 𝛽 > 0 is 

a crucial aspect of the Weibull distribution that significantly influences its form and characteristics. The  

𝑛 − 𝑡ℎ irradiance moment is given by, 
 

⟨𝐼𝑛⟩ = 𝜂𝑛𝛤 (1 +
𝑛

𝛽
) (4) 

 

where 𝛤( ) is the gamma function is a special function that extends the concept of factorials to non-integer 

values. The scintillation index is a measure of the degree of fluctuations in the intensity of light due to 
atmospheric turbulence, is given by, 
 

𝜎𝐼
2 =

𝛤(1+2/𝛽)

𝛤(1+2/𝛽)2 − 1 ≈ 𝛽−11/6 (5) 

 

Which simplifies the proof or analysis, while still covering all relevant scenarios, setting 𝑛 = 1 and 

the irradiance data is normalized in the sense that ⟨𝐼⟩ = 1. 
 

𝜂 =
1

𝛤(1+1/𝛽)
 (6) 

 

2.2.  Closed form statistical analysis 

In the context of FSO or optical communication systems, the signal received at the destination node 

can be affected by several factors, including atmospheric turbulence, the characteristics of the transmitted 

signal, and the presence of noise. The mathematical representation of the signal received at the destination 

node generally includes the transmitted signal, attenuation, and any distortion or noise introduced during 

transmission. The signal at destination node is given as [4]. 
 

𝑦 = √𝐸𝑠(𝑝𝜇𝑒𝑗𝜃𝑞)𝑥 + 𝑛 (7) 

 

Where, 𝐸𝑠 is symbol energy refers to the amount of energy associated with a symbol in a digital 

communication system, 𝜂𝑒𝑗𝜙: characterizes the RISs element, 𝜂 is the amplitude reflection coefficient is a 

key parameter in wave propagation, particularly in the fields of optics, telecommunications, and microwave 
engineering. The value of SNR is computed by [4]. 
 

𝛾 = 𝛾̄|𝑝𝜇𝑒𝑗𝜃𝑞|
2
 (8) 

 

The PDF of SNR can depend on several factors, including the nature of the noise, the modulation 

scheme, and the channel characteristics. The PDF is evaluated as [5]. 
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Were, 𝑓𝛾𝑝
(⋅): the PDF of the source-RISs, 𝑓𝛾𝑞

(⋅): the PDF of the RIS-destination. 

Thirdly, assuming that with stable weather conditions, the channel models are represented by 

Weibull distribution, 𝑓𝛾𝑖
(𝛾𝑖) is expressed as. 
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Where 𝑖 ∈ {ℎ, 𝑔}, perform variable change 𝛾𝑖 by 𝑡 and 
𝛾

𝑡
 in (8), and PDF function of channels for 𝑓𝛾𝑝

(𝑡) and 

𝑓𝛾𝑞
(
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We substitute (9) and (10) in to (7), the PDF of end-to-end SNR, 𝑓𝛾(𝛾), can be evaluated as, 
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Perform calculations [8], the exact PDF of SNR, 𝑓𝛾(𝛾), as (14). 
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3. PERFORMANCE ANALYSIS OF FADING CHANNEL 

The ASER for a FSO communication system using QAM can be analyzed based on several factors, 

including the modulation order, the SNR, and the channel conditions. It is counted as [7]. 
 

𝑃̅(𝛾) = ∫ 𝑃(𝛾)𝑓(𝛾)𝑑𝛾
∞

0
 (15) 

 

where 𝑓(𝛾) is the PDF of SNR, 𝑃(𝛾) is the conditional error probability (CEP). The CEP in the context of 

communication systems, particularly in modulation schemes like QAM, refers to the probability of symbol 

error given a specific value of the SNR, the CEP is presented as, 
 

𝑃(𝛾) = 1 − [1 − 2𝑞(𝑀𝐼)𝑄(𝐴𝐼√𝛾)] × [1 − 2𝑞(𝑀𝑄)𝑄(𝐴𝑄√𝛾)] (16) 

 

where, 𝐴𝐼 = √6/{(𝑀𝐼
2 − 1) + 𝑟2(𝑀𝑄
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is Gaussian Q-function. 

The Q-function is critical in evaluating performance metrics in communication systems, particularly 
for symbol error rates in modulation schemes like QAM. The approximations and bounds on the Q-function 

allow for easier calculations while maintaining reasonable accuracy. Depending on the context and the 

required precision, different approximations can be selected. We use tight approximations on upper bound 

Qub(·) and lower bound Qlb(·) given in [9] and in [10]. 
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Here’s the CEP of optical wireless systems, 𝑃(𝛾) determined by (15), (16) of ASER, 𝑃̅ can be 

represented as; 
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Computing the ASER often requires working with integrals that involve the Gaussian Q-function, 

particularly in communication systems like those using QAM under various conditions such as noise and 

fading. 

 

 

4. RESULTS AND DISCUSSION 

In this section, using previous derived expression, to present numerical results for the ASER 

analysis of a FSO system utilizing the Q-function, we can follow a structured approach based on the 

previously derived expressions. Using the above closed mathematical forms as shown in (19) can estimate 

the ASER of system over atmospheric turbulence channel with weibull distribution, to accurately 

approximate the above ASER evaluation. Figure 2 show the mathematical results of the performance of FSO 
system with and without the assistance of RIS using the Q-function. When using higher modulation levels, 
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like 32-QAM or 64-QAM, the symbols are packed closer together in the constellation diagram. This makes 

the system more susceptible to noise and distortions, increasing the ASER if power levels are not sufficient. 

To ensure a low ASER under high modulation, increasing the transmitted optical power can help enhance the 

SNR, which counteracts the vulnerability from using higher modulation levels. However, it’s essential to 

balance this increase carefully, as excessive optical power can introduce nonlinear effects like self-phase 

modulation or cross-phase modulation, which may degrade system performance. 
Figure 3 shows that ASER is an average electrical SNR function, the ASER in a free space optical 

system is indeed a function of the average electrical SNR. When analyzing the performance of such systems, 

it’s essential to highlight how ASER relates to average electrical SNR, especially when considering 

transmission distance and environmental conditions. ASER performance as function of the transmission link 

distance, This analysis provides a visual representation of how transmission distance affects the ASER in an 

FSO system. As distance increases, the challenges posed by atmospheric conditions lead to higher error rates, 

emphasizing the need for strategies (like RIS or advanced modulation techniques) to mitigate these effects. It 

can be seen from the figure that the ASER increases when the transmission link distance is longer. 
 
 

 
 

Figure 2. ASER performance against the SNR for upper and lower bounds with RIS and without RIS aided 

for values of QAM schemes 

 
 

 
 

Figure 3. ASER performance against the SNR for upper and lower bounds with RIS and without RIS aided 

 
 

5. CONCLUSION 

In this paper, have theoretically performance analysis of wireless optical link with RIS aided and the 

implications of employing SC-QAM signals and Gaussian Q-function bounds. The results present the 

theoretical expressions for ASER performance of communication systems taking into account the QAM 

schemes, link distance, lower and upper bounds of Q-function, the system’s ASER have been applied to 

compare the exact, lower and upper bounds of average symbol error probabilities. RIS technology can 
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significantly enhance the performance of FSO systems by providing SNR gain and diversity, which in turn 

lower the ASER when using SC-QAM signals. Employing Gaussian Q-function bounds offers practical, 

analytical estimates for ASER, allowing for efficient system design and modulation scheme selection. 
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