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Abstract— This research conducts a performance analysis on a 

real-time experimental multi-quadrature amplitude modulation (M-

QAM) free-space optical (FSO) system under different fog 

conditions. The study focuses on experimental investigations to 

assess the system's tolerance and performance. Experimental results 

will contribute to a comprehensive understanding of the reliability 

aspects of the M-QAM FSO system, offering practical insights that 

are vital for real-world applications in challenging atmospheric 

conditions 
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I. INTRODUCTION  

Free-space optical (FSO) communication systems have 

emerged as a promising technology for high-data-rate, secure, 

and line-of-sight communication over the past few years. 

These systems utilize optical signals to transmit data through 

the atmosphere, offering advantages such as high bandwidth, 

low latency, and immunity to radio frequency (RF) induced 

interference [1]. By utilizing laser beams to transmit data 

through free space, FSO technology offers a compelling 

solution for applications demanding high bandwidth and 

secure communication, including military communications, 

urban connectivity, and last-mile solutions[2]. Despite its 

merits, the reliability of FSO systems is dependent on 

favorable atmospheric conditions. One of the primary 

challenges is the impact of fog, a meteorological phenomenon 

characterized by suspended water droplets near the Earth's 

surface [3],[4]. Fog introduces attenuation of optical signals, 

posing a significant obstacle to the seamless operation of FSO 

systems.  

Previous studies have highlighted the need for a 

comprehensive understanding of how fog influences the 

performance of FSO systems, particularly concerning the 

choice of modulation schemes [5-7]. The modulation scheme 

plays a pivotal role in optimizing the trade-off between data 

rate and system robustness, making it imperative to evaluate 

the performance of specific modulation schemes under 

realistic atmospheric conditions. 

In this paper, we evaluate the performance of an FSO 

system employing quadrature phase shift keying (QPSK) and 

different M-quadrature amplitude modulation (M-QAM) 

formats up to 1024-QAM under varying conditions. We 

implemented an adaptable transmitter (Tx) and receiver for 

automatic encoding and decoding of the M-QAMs signals 

using software defined radio environment by controlling the 

Tx (signal generator) and Rx (vector analyzer). In most 

research cases, FSO system performance analysis takes places 

with the evaluation of received power and error vector 

magnitude (EVM), signal to noise (SNR) or bit error rate 

(BER) in turbulent channels such as in [8], [9]. In this paper, 

we determined the system performance by the estimating 

EVM corresponding with the visibility (V) of the fog 

attenuation specifically. The rest of the paper is organized as 

follows: Section II describes the FSO system modeling and 

provides all the design considerations of the experimental 

demonstration and implementation of M-QAM FSO in fog 

induced environment. Section III explains the system 

performance analysis with the results and discussion on the 

measured data. Finally, Section IV concludes the paper. 

II. SYSTEM MODELLING  

The schematic block diagram of the experimental setup is 
presented in Figure. 1, and the key parameters are described in 
Table 1. The Tx unit consists of 1550nm laser and a Mach-
Zehnder-modulator (MZM) driven by an RF signal generator. 
The signal Rx unit consists of a high-speed photodetector (PD) 
and with a transimpedance amplifier. Note that a green laser 
and a low-bandwidth receiver is used to determine the V of the 
link (i.e., fog attenuation experienced by the link). A 5-meter-
long free space channel is obtained by collimating the single 
mode fibre (SMF) of the MZM, propagating over an indoor 
atmospheric chamber, and focusing it back to SMF before the 
PD. A fog machine is used to emulate the fog-induced channel. 
For the FSO alignment, an integrated kinematic collimator was 
used providing pitch and yaw adjustment, thus allowing the 
collimated beam to be easily steered while aligning the system. 
The detected RF signal is connected to a vector analyzer for 
evaluating the performance of the link. We have used a PC and 
an ethernet hub to adaptively change the modulation format of 
the signal generator and control the vector analyzer. The output 
of the auxiliar optical receiver is connected to a power meter, 
which is also connected to the PC via a USB cable. The 
considered key system parameters are given in Table 1. 

In the context of optical communications, the received 

signal is given as: 

where x is the transmitted signal, n is additive white Gaussian 

noise (AWGN) with variance ���, * is the convolution symbol 

and h is the channel gain, which is given by: 

ℎ =  ℎ�ℎ� , (2) 


(�) = ℎ(�) ∗ �(�) + �(�), (1) 



 

where ha and ht are the attenuation constants due to the 

atmospheric channel and turbulence, respectively.  For an 

FSO link, ha is given by Beer’s law as [10]: 

ℎ� =  ���� , (3) 

where l is the link length in m and γ is the attenuation 

coefficient in m-1. The attenuation coefficient γ models the 

atmosphere and is the combination of absorption and 

scattering coefficients expressed as a function of wavelength. 

γ is given by [10]: 

�(�) =  ��(�) + ��(�) + ��(�) + ��(�), (4) 

where, ��(�)  and ��(�)  are the molecular and aerosol 

absorption coefficients, respectively, and ��(�)  and ��(�) 

are the molecular and aerosol scattering coefficients, 

respectively. The transmission wavelength in FSO is selected 

such that, it coincides with the atmospheric transmission 

window [11] hence, scattering governs the atmospheric 

attenuation coefficient and as a result �(�) ≈ ��(�). ��(�), in 

which ��(�) is expressed as [12]: 

��(�)  = �.��
�  !

""# $%&�'
, (5) 

 where, V is the meteorological visibility in km and q is the 

size distribution of scattering particles, for which the Kruse 

model is considered in this paper, as given by [13]: 

( =
⎩⎪
⎨
⎪⎧      1.6                / 0 50 km1.3                6 km 6 / 6 50 km0.16/ + 0.34  1 km 6 / 6 6 km/ 8 0.5            1 km 6 / 6 1 km    0                         / 6 0.5 km

, (6) 

In our setup, we estimated the scattering coefficient of the 

channel using Beer’s law: 

 

��(�)  = 9:; ( <=>??@ABC<=>??@ADEC)
� , (5) 

where FGHII��JK  is the green laser power received for the 

channel condition under evaluation and FGHII��L�K is the 

maximum received power for a clear channel. From ��(�) the 

atmospheric attenuation in dB/km is given by [14]: 

  MNO%  PQ
R%& = 4.343��(�) S T. (7) 

III. EXPERIMENTAL RESULTS AND DISCUSSION 

We have developed an experimental testbed to 

investigate the reliability of the proposed M-QAM FSO 

link. The objective is to investigate the system 

 

Figure 1: Schematic diagram. 

Table 1. Key system parameters. 

Parameter Value 

Link length l 5 m 

Data throughput (16, 32, 64, 128, 256 

QAM) 

400, 500, 600, 

700, 800 

Mbps 

Transmitted output power FUV ~15 dBm 

Rx collimator diameter WXV 24 mm 

Tx collimator diameter WUV 24 mm 

Tx beam divergence Y 0.016° 

Optical wavelength � 1550 nm 

PD operating wavelength range 
500 – 1630 

nm 

Photodetector (PD) PIN 

Responsivity of PD at 1550 nm 0.85 A/W 

Noise equivalent power 24 pW/√Hz 

PD bandwidth ~12 GHz 

Collimator focal length fl 37.13 mm 

  



 

performance by monitoring and controlling the system 

using a software platform without the need for changing  

the hardware platform and by only updating the 

software platform. The modulation formats are 

controlled and changed adaptively using a GNU Radio 

flow graph. We, therefore, investigate the performance 

of the proposed FSO link for different modulations 

under varying fog conditions. Figure. 2 is the 

experimental testbed based on Figure. 1. Figures. 2 (a), 

(b) and (c) are the Tx side, indoor atmospheric channel 

and Rx side respectively. A vector analyzer is used to 

compare the transmitted and received symbols. The 

system is tested for 30 seconds for three different fog 

conditions. 

Figures 3 (a) to (d) depict the constellation diagrams 

for five modulation formats (i.e., 16-, 32-, 64-, 128- and 

256-QAM) for clear channel and three fog conditions 

with decreasing visibility (V ∈ (40,48), (23,40), and < 23 

m), respectively. From Figure. 3 it can be seen that as 

the fog level increases there is a clear impact on the link 

performance.  

We mainly performed the EVM measurements based 

on the constellation diagrams, which are for 16-QAM to 

256-QAM. In general, the susceptibility to fog 

attenuation varies depending on the modulation scheme 

employed. Higher-order QAM, characterized by denser 

constellations and higher spectral efficiency, are 

particularly susceptible to fog-induced attenuation. The 

complexity of these schemes, with multiple amplitude 

and phase levels per symbol, increases their 

vulnerability to distortion and errors induced by fog. On 

the other hand, simpler modulation schemes like On-Off 

Keying (OOK) and Pulse Amplitude Modulation (PAM) 

also face challenges in foggy conditions but may exhibit 

lower susceptibility compared to higher-order QAM 

formats. While OOK relies on the presence or absence 

of light pulses and PAM varies the amplitude of optical 

pulses, both may experience attenuation and distortion 

due to fog, though to a lesser extent than higher-order 

QAM formats. Therefore, the choice of modulation 

scheme plays a crucial role in determining the 

performance and reliability of optical communication 

systems in foggy environments.  

Table 2 presents the EVM results for the different 

QAM signals in different fog intensities, as a function of 

the V range. The dataset presented quantifies the 

influence of varying fog intensity and modulation states 

(M-QAM) on V in an FSO communication system. Here, 

and for the performance analysis, we take as reference 

the performance requirements standard to the early 5th 

generation technology for cellular networks, namely an 

EVM of 3.5% for 256 QAM [15] – whereas in the 3GPP 

specifications, the EVM limits of 17.5, 12.5 and 8% for  

 

(a) (b) (c) 

Figure 2: Experimental set up with (a) Tx. side, (b) channel setup and (c) Rx side. 

Table 2. The System Performance Metrics for the Clear, and Increasing 

Fog Density Conditions of V1,  V2 and  V3. 

Channel 

conditions 
M-QAM EVM (%) 

\T�]^ 

16 2.8 

32 2.9 

64 2.9 

128 3 

256 3.1 

V1 

V ∈ (40,48) m 

16 2.9 

32 3.1 

64 3.2 

128 3.27 

256 3.3 

V2  

V ∈ (23,40) m 

16 3.61 

32 3.6 

64 3.7 

128 3.8 

256 4.02 

V3  

V<23 m 

16 4.5 

32 4.5 

64 4.8 

128 5 

256 5.2 



 

4, 16, and 64 QAM, respectively, are presented by 

horizontal dashed lines [16]. For our testbed, Table2 

shows that under optimal conditions characterized by a 

clear channel, the EVM values demonstrate that there is 

a notable degree of stability, indicating 2.9% for both 

16-QAM and 32-QAM, with a slightly elevated yet 

consistent 3.1% for 256-QAM. Upon reaching V∈ 

(40,48) m, it can be seen from Table 2 that there is a 

noticeable change in the dynamics of the EVM. With 

results ranging from 3.1% for 64-QAM to 3.3% for both 

32-QAM and 256-QAM, with noticeable measured rise 

in EVM values. Impact on receiver's ability to accurately 

decode symbols. The change in the environments 

condition characterized by V ∈ (23,40) m introduces a 

more intricate narrative. The EVM values undergoes a 

gradual increase, reflecting the incremental impact of V. 

This upward trajectory reaches its peak at 4.02% for 

256-QAM (see Table 2), indicating an elevated 

sensitivity of the system. 

Yet, the most noticeable changes in the EVM are 

exhibited for V < 23 m, i.e., the highest fog induced 

attenuation. In this case, the EVM values experience a 

substantial escalation, ranging from 4.5% for 16-QAM 

and 32-QAM to 5.2% for 256-QAM – see Table 2. This 

amplification in EVM values points to an increased 

susceptibility of the system to V3, potentially posing 

challenges to the integrity of the transmitted signals. In 

scenarios with moderate fog density (V1 and V2), where 

the degradation in signal quality is moderate, higher-

order modulation schemes may still offer advantages in 

terms of spectral efficiency. However, in conditions of 

dense fog (V3), simpler modulation schemes such as 16-

QAM or 32-QAM may prove to be more robust, as they 

are less prone to distortion and inter-symbol 

interference. However, It's interesting to note that the 

resulted EVM values for 256-QAM and 512-QAM 

signals are well below 12.5%, which is a common 

threshold for 5G transmission standards [17]. 

 

(a) 

 
(b) 
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(d) 

Figure 3: Constellation diagrams of 16, 32, 64, 128 and 256 QAM signals under (a) clear channel, (b) fog with V ∈ (40,48) m,  (c)  fog with  V ∈ 
(23,40) m  and, (d) fog with V<23 m channel. 



 

We further analyzed the performance of 512 and 

1024 QAM signals. However, we investigate that these 

advanced modulation complexities exhibit a notable 

lack of viability, even under conditions characterized by 

V1. The EVM values for both 512-QAM and 1024-QAM 

surge considerably, reaching almost 8.5% and 20%, 

respectively. This observation underscores the inherent 

limitations associated with the application of 512-QAM 

and 1024-QAM, particularly in scenarios where 

atmospheric conditions introduce additional challenges. 

The increased symbol density and complexity of these 

modulation formats make them inherently more 

vulnerable to noise and distortion, resulting in higher 

EVM values. This observation underscores the trade-off 

between spectral efficiency and robustness in FSO 

communication systems operating in foggy 

environments. While higher-order modulation schemes 

offer increased data rates and spectral efficiency in clear 

weather conditions, their performance may deteriorate 

significantly in the presence of fog, necessitating careful 

consideration when selecting modulation formats for 

FSO links deployed in regions prone to atmospheric 

conditions.  

IV. CONCLUSION 

In conclusion, our analysis of the FSO 

communication system across diverse V conditions and 

modulation states facilitated by the flexibility of  

software defined radio as a tool has  provided valuable 

insights. Importantly, our findings highlighted a 

correlation between higher modulation states and 

increased EVM, underscoring the need for a strategic 

balance in modulation complexities for effective FSO 

deployment across varied environmental scenarios. 

Further adaptable Tx and Rx schemes for different 

modulations and laser wavelengths using SDR in the 

reported setup is planned. 
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