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 Free space optics (FSO) is a fast-growing technology that outperforms fiber 

optics in communication network infrastructure without spectrum licensing. 

The goal of this work is to evaluate the performance of the FSO 
communication system using direct detection 4-quadrature amplitude 

modulation (4-QAM) and 4-phase shift keying (4-PSK) with orthogonal 

frequency division multiplexing (OFDM) scheme. Simulating a direct 

detection OFDM-FSO system and comparing constellation diagrams, 
electrical power, and optical power have been used to conduct the analysis. 

The model is validated using a constellation diagram of received signals for 

various FSO channel ranges and weather conditions. According to simulation 

results, the OFDM-FSO architecture combined with the 4-QAM modulation 
technique produces the most efficient output with the least amount of power 

consumption for data rates up to 10 Gb/s and FSO channel ranges of up to  

3 km for clear air, 1.7 km, and 1.3 km for thin and thick fog, and 0.7 km for 

heavy fog. This investigation can enhance the current fiber optic network's 

structure connected with the FSO system to provide last-mile connectivity in 

5G modules. 
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1. INTRODUCTION 

The recent growth in telecommunications and the widespread use of cellular systems such as 

smartphones, satellite communication, smart sensors, and surveillance systems have increased the complexity 

of algorithms used in the latest generation of technologies, causing them to reach their limits. Many studies 

have been conducted with fiber optic channels to deal with the problems of high data rate transmission at high 

speed [1], [2]. The fiber communication system has the advantages of noise immunity, free from 

electromagnetic interference, secure systems. Fiber bending loss and cost are two issues that arise when 

installing fiber optic cables across buildings in a metropolitan area [3], [4]. Free space optical (FSO) systems 

have gained much interest recently as a way to avoid bending loss and achieve last-mile communication. 

Several types of research have been conducted to improve transmission rates using free space and unlicensed 

bandwidths. Over the last several years, FSO communication has grown in popularity as an alternative 

technology [5]. Atmospheric turbulence and various weather conditions cause attenuation of the broadcast 

signal across free space, reducing the FSO channel's possibilities. 

Because its bandwidth in FSO is license-free, cost-efficient, low power consumption, more excellent 

immunity, and highly secured when compared to radiofrequency (RF) systems, it can enable transmission 

ranges up to 1.2 Tbps [6]. The impacts of air turbulence, channel misalignment, changes in weather conditions, 
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and the parameters describing these effects are significant concerns for signal attenuation while designing an 

FSO channel. Few techniques to overcome these challenges are: i) hybrid FSO-RF system, ii) hybrid FSO-

fiber system, and iii) multiple-input multiple-output (MIMO) system along with the implementation of 

advanced modulation schemes [5]. Digital modulation schemes are analyzed based on energy efficiency 

requirement, targeted spectral efficiency, and direct or coherent detection system. In this work, the direct 

detection scheme is implemented using the 4-quadrature amplitude modulation (4-QAM) and 4-phase shift 

keying (4-PSK) orthogonal frequency division multiplexing (OFDM) schemes. Constellation diagrams are 

presented for various FSO channel lengths, including attenuation for haze and fog weather conditions. Previous 

research works on digital modulation schemes analyzed to mitigate atmospheric turbulence are on-off keying 

(OOK) [7], binary phase-shift keying (BPSK) [8], pulse position, and multiple pulse position modulations 

(PPM and MPPM) [9], [10], pulse width modulation (PWM) [11]. Forward error correction techniques (FEC), 

for example, reed solomon concatenated reed solomon, and turbo codes [12], [13], and selection combining 

technique are a few promising techniques to mitigate atmospheric turbulence [14]. Spatial modulation increases 

the spectral efficiency of FSO communication [15]. Signal loss related to atmospheric attenuation and pointing 

errors due to FSO channel misalignment causes propagated signal strength to deteriorate during transmission, 

lowering system efficiency. These issues can be overcome by relay methods MIMO systems [16]. MIMO 

systems were modeled and evaluated in the earlier study. The findings of bit error rate (BER), quality factor 

(Q-factor), and eye diagram indicated a significant reduction in atmospheric attenuation. 5G systems can 

achieve self-configuration, context awareness, and cellular aggregation with deep learning models. Deep 

learning (DL) algorithms could efficiently recover the transmitted data, thus allowing FSO in turbulent 

channels to be used without prior knowledge. Various papers have examined the scintillation of the optical 

beam, which is the primary cause of pointing errors in FSO systems because of the line-of-sight nature. DL 

and artificial intelligence (AI) algorithms provide the most economical way to overcome this problem [17], 

[18], and these algorithms are applied in broad applications like self-driving cars, visual recognition, healthcare 

[19], [20]. Different deep learning models can be applied to different strengths of FSO turbulent channels to 

detect OOK modulated signals [21]. A machine-learning-based methodology was presented for improving 

future optical wireless communication systems from existing fiber-based networks to cognitive networks based 

on fiber-based learning that provides cognitive capabilities at the physical layer [22]. 

The goal of this study is to model and simulate an OFDM-FSO communication system with 4-QAM, 

4-PSK, and to analyze system performance under various weather conditions such as clear air, haze, fog, and 

various FSO wireless channel ranges. The proposed system was modeled and simulated using optisystem 17. 

At the transmitter side, the simulation model includes a low pass cosine roll-off filter (LP roll-off filter) and a 

LiNb-mach zehnder modulator (LiNb-MZM) as an electrical to an optical converter, FSO channel of gamma-

gamma model and PIN photodiode, OFDM demodulation blocks at receiver. Simulated results are comparing 

constellations for various weather conditions at OFDM output. The proposed system's performance and 

reliability outcomes connect to the low pass filter's roll-off factor and the FSO channel's ranges.  

 

 

2. METHOD 

2.1.  OFDM system 

OFDM is a multicarrier modulation system where subcarriers signals are mutually orthogonal [23]. 

The principle of the OFDM technique involves a serial data stream that is converted into a parallel data stream 

for a longer duration. OFDM presents a large number of orthogonal subcarriers to transmit data across multiple 

parallel data streams. Each carrier is processed at a very low symbol rate using standard quadrature phase shift 

keying (QPSK), QAM, or a similar digital modulation technique. Direct and coherent detection are two 

different optical OFDM detection methods [24]. A photodiode at the receiver detects an optical signal in a 

direct detection scheme, and the received signal is demodulated. In contrast, a coherent detection system has 

used the optical mixing principle with a locally set oscillator at the receiver.  

The optical signal from the transmitter is transmitted through single or multi-mode optical fibers, and 

free-space optical wireless channels are used; several electronics and optical processing are involved in-

between. A guard interval is placed after the inverse fast fourier transform (IFFT) module in the OFDM system 

to avoid overlapping signals. The digital data are converted to an analog signal in the next step. The receiver 

performs a similar process as the transmitter but an opposite function.  

 

2.2.  FSO system 

FSO is a kind of unguided medium and line-of-sight technology that uses laser as an optical source to 

offer optical bandwidth connection. The signal propagates over free space such as outer space, air, and vacuum. 

In general, FSO can transmit up to 2.5 Gbps of information signal (voice/video signals), and it operates between 

780 nm to 1600 nm wavelength bands. Three components are there to define the FSO system are: i) transmitter 
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aperture, ii) FSO transmission channel, and iii) receiver. A general block diagram of the FSO system is shown 

in Figure 1. Transmission of an optical signal via atmosphere obeys Beer-Lamberts Law, and in the FSO 

channel exists turbulent eddies such as smoke, gases, rain, fog, and variations in climatic temperature [25]. 

Typical FSO links range from 300 m to 5 km. Depending on the speed and needed availability in free space, 

the link can be deployed as 8 km to 11 km [23]. 

 

 

 
 

Figure 1. Free space optical system block diagram 

 

 

FSO system is applicable in telecommunication and is considered a promising technology for 5G and 

6G development, computer networking, communication among spacecraft, security, and military applications. 

FSO links are alternatives to fiber optical links to reduce bending losses in the metropolitan area where too 

many fiber bendings are implemented. The attenuation of the signal is a significant consideration in the FSO 

system. Atmospheric attenuation of laser power is defined by Beer-Lambert Law [26]: 

 

𝜏 =  𝑒−𝜎𝑅 (1) 

 

τ =Transmittance, σ = Attenuation coefficient, σ value is 0.1 (0.43 dB/km) for clear air; 1 (4.3 dB/km) for haze, 

10 (43 dB/km) for fog. The total scattering or the attenuation coefficient can be estimated by,  

 

𝜎 =  
3.91

𝑉
(

𝜆

550𝑛𝑚
)−𝑞(𝑣)  (2) 

 

σ = atmospheric attenuation co-efficient, V= visibility (in km), λ= wavelength (in nm), q(v)= the size 

distribution of the scattering particles. 

Table 1 illustrates the atmospheric losses (dB/km) calculated using as (2) as a function of visibility 

for 1550 nm [25]. This proposed model uses a continuous wave (CW) laser with a wavelength of 1550 nm. 

Attenuation in clear air 0.2 dB/km, haze 4.2 dB/km, thin fog 9.2 dB/km, and thick fog 22 dB/km are used to 

analyze the system in this work. 

 

 

Table 1. Atmospheric losses 
Visibility (km) Weather dB/km, 1550 nm 

0.2 
FOG 

60 

0.5 21 

2 
HAZE 

4 

4 2 

10 
CLEAR 

0.4 

23 0.2 

 

 

2.3.  Direct detection DD-OFDM-FSO proposed model 

Model of FSO communication system with OFDM-4 QAM scheme consists of OFDM modulator, 

electrical to an optical converter, wireless optical link, optical to the electrical converter and OFDM 

demodulator. Figure 2 depicts the block diagram of the proposed model. RF/optical spectrum analyzers, power 

meters (for both optical and electrical), and constellation visualize are used to visualize simulation results. 
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Figure 2. DD-OFDM-FSO simulation model 

 

 

2.3.1. OFDM transmitter 

The transmitter section consists of a pseudo-random bit sequence generator (PRBS) as a message 

generating module followed QAM sequence generator. 2 bits per symbol-4 QAM signal is coded as input to 

the OFDM modulator. OFDM modulator results in 512 subcarriers at 4-QAM and fast fourier transform (FFT) 

points of 1024. The subcarriers spacing is 1/NT (N-Number of carriers, 1/T – Overall symbol rate). Several 

subcarriers are translated into points of IFFT. Cyclic prefix overcomes inter symbol/inter-channel interference. 

After the cyclic code, the parallel data are converted to series, and then the OFDM signal via quadrature 

modulator is applied to the external MZM modulator. Another input to MZM is light from the laser source. 

The laser source was used with 193.1 THz and 4 dBm power input parameters. The role of MZM is to modulate 

light intensity as per the sequence applied from the OFDM module. Optisystem component OFDM OS12 is 

used with I and Q output applied to low pass filters. 4-QAM OFDM FSO simulation model is shown in  

Figure 3.  

 

 

 
 

Figure 3. 4-QAM OFDM FSO system 
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The roll-off factor value in the low pass filter (LP-CROF) is 0.2. Increasing roll-off factor value affects 

system performance. Low pass filters transfer function is developed by raised cosine-filter which is given by 

[27], 

 

𝐻(𝑓) = {

𝛼             (|𝑓| < 𝑓1)

𝛽     (𝑓1 ≤ |𝑓| < 𝑓2)

0                 𝑓2 < |𝑓|
  (3) 

 

where, 𝛽 = √0.5 ∗  𝛼2 ∗ [1 + 𝑐𝑜𝑠 ((
|𝑓|−𝑓1

𝑟𝑝∗𝛥𝑓𝐹𝑊 𝐻𝑀
) ∗ 𝜋)] 

 

α = parameter insertion loss, fc= filter cutoff frequency, rp= roll-off factor, f1 =  1-rpfc     (0 ≤ rp ≤ 1),  

f2 =  1 + rpfc     (0 ≤ rp ≤ 1). 

Table 2 lists the parameters for the system model simulation. System parameters have been used to 

compare the performances of both 4-QAM and 4-PSK modulations with DD-OFDM techniques for the FSO 

system. FSO channel distance was varied from 0.5 km to 3 km for both modulation techniques and compared 

the received constellation points. 

 

 
 

Table 2. Parameters used in the system model 
Parameter Value 

Bit rate 10Gbps 

Sample rate 40Gbps 

Modulation scheme 4 QAM 

Sample per bit 4 

Number of samples 65536 

Number of subcarriers 512 

Quadrature modulator frequency 7.5GHz 

CW laser range 193.1THz 

LiNb MZ modulator extinction ratio 30dB 

FSO Channel range 0.5-3 km 

 

 

2.3.2. Optical link (FSO channel) 

The free-space optical link used in this model is Gamma-Gamma distribution. From weak to strong 

range of atmospheric turbulence conditions, the fading gain Imn is modeled by Gamma-Gamma distribution. Its 

probability distribution function is expressed as [28], [29]: 

 

fI(Imn) =  
2(αβ)

α+β
2

Γ(α)Γ(β)
Imn

α+β

2
-1
Kα-β(2√αβImn)  (4) 

 

where  Γ(α) is Gamma function, Kv(*) is the vth
 order modified Bessel function of the second kind [30], parameters 

α and β both are calculated based on atmospheric conditions using the following expressions [27], [31], 

 

 α =  

[
 
 
 

exp

(

 0.49 χ2

(1+0.18d2+0.56χ
12
5 )

7
6

)

 -1

]
 
 
 
-1

,  β =  

[
 
 
 

exp

(

 
0.51 χ2(1+0.69χ

12
5 )

-5
6

(1+0.9d2+0.62d2χ
12
5 )

7
6

)

 -1

]
 
 
 
-1

  

 

where 𝜒2 = 0.5𝐶𝑛
2𝑘(7/6)𝐿(11/6), 𝑑 =  (

𝑘𝐷2

4𝐿
)
1/2

, k = 2π/λ, D= Diameter of the receiver lens aperture, L= link 

distance in meters, 𝐶𝑛
2 is an altitude-dependent index of refractive structure parameter varying from 10-13m-2/3 

to 10-17m-2/3 as strong to weak turbulence, respectively. 

 

2.3.3. Receiver 

Because the work is based on direct detection, a PIN photodetector transforms the incoming 

modulated light wave into an electrical signal. Then the electrical signal is amplified and demodulated. 

Demodulation is identical to modulation at the transmitter, but the concepts are reversed. The constellation 

diagram visualizers show the signal reception with errors and unmapped constellation points with noise, and 

power consumption is displayed in Table 3. 
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3. RESULTS AND DISCUSSION 

The proposed model's performance has been verified using optisystem 17. Simulated results are shown in 

Figures 4-6. Orthogonal frequency division multiplexing modulation baseband signal spectrum signal is shown in 

Figure 4(a) baseband data has been set 10 Gb/s, and the signal spectrum is more harmonic. Also, OFDM output 

modulated by 4 QAM digital technique has interval value up to 20 GHz. The spectrum has a higher amplitude of 28 

dBm. Low pass filter (LP-CROF) results in lower spectrum higher noise at 15 GHz with roll-off factor value of 0.2 

shown in Figure 4(b) increasing roll factor value broadens band transition filter (shown in Figure 4(c) roll-off factor 

value is 1), which affects adjacent frequency channels in case of multiple transmitters used. In this model roll-off 

factor of 0.2 is used for complete analysis. The LiNb MZ modulator modulates the optical signal with a maximum 

power value in its spectrum is up to -10 dBm. FSO channel transmits the modulated optical signal. FSO link distance 

up to 3 km between transmitting and receiving aperture are tested with the attenuation of 0.2 dB/km for clear weather 

conditions and 4.2 dB/km, 9.2 dB/km, and 22 dB/km for haze and fog weather conditions. Optical filtering and 

amplifier are used with FSO channel link helped to filter decided band and increase power. At the receiver, the optical 

signal is converted to an electrical signal. Because the direct detection (DD) technique is used in this research, a PIN 

photodiode is used to detect the optical signal. Figure 4(d) depicts the received signal spectrum before electrical 

amplification. Green waves reveal some noise in the output of the DD scheme. 
 

 

  

(a) (b) 
 

  
(c) (d) 

 

Figure 4. Signal spectrum at transmitter and receiver of 4 QAM-OFDM-FSO system, (a) OFDM signal 

spectrum, (b) roll-off factor 0.2, (c) roll-off factor 1, and (d) received signal spectrum 
 

 

3.1.  Constellation and received power under various atmospheric losses 

The proposed system has been simulated for different ranges of FSO channels and attenuation of various 

weather conditions such as clear air, haze, and fog. Different deviations of constellation diagrams were produced. 

The larger the distance between the transmission aperture and the reception aperture of an FSO channel, the lower 
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the received power (dBm) and the higher the noise in the constellation visualizer. Figure 5 depicts the received 

power by the 4-QAM-OFDM technique under atmospheric attenuations 0.2 dB/km for clear air, 4.2 dB/km for 

haze, and 9.2 dB/km for fog conditions. Good constellations were observed at 3 km, 1.5 km, and 1 km for clear air, 

haze, and fog conditions. Comparisons of the constellation for 4-QAM and 4-PSK schemes are shown in Figure 6. 

It has been analyzed for 0.5 km and 0.7 km of the FSO channel under foggy conditions with attenuation α=22 

dB/km. Mapping constellation points in the 4-QAM input OFDM scheme is better than the 4-PSK input sequence. 

Also, power output values in each section of the complete model are compared in Table 3 for both input schemes. 

 

 

 
 

Figure 5. Received power and constellation comparison for clear air (0.2 dB/km), haze (4.2 dB/km) and  

fog (9.2 dB/km) 
 

 

  
(a) (b) 

 

  
(c) (d) 

 

Figure 6. Heavy fog weather condition, α= 22 dB/km, (a) 0.5 km (4-QAM), (b) 0.5 km (4-PSK), (c) 0.7 km 

(4-QAM), and (d) 0.7 km (4-PSK) 
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Table 3. Power output at various stages of proposed model 
Output 4-QAM value (dBm) 4-PSK value (dBm) 

OFDM 57.082 54.013 

Quadrature Modulator 17.070 14.060 

LiNb MZ modulator -9.006 -9.006 

Optical Amplifier after FSO channel 5.104 5.105 

Direct detection at PIN Photodiode -20.790 -20.900 

System Receiver at the demodulator 35.451 32.718 

 

 

3.2.  Constellation comparison (4-QAM and 4-PSK)  

The constellation diagrams are shown in Figures 5 and 6 clearly show various digital modulation 

performances in a given model. The proposed DD-OFDM based FSO model with 4-QAM digital input 

sequences shown in Figure 5 can achieve a 3 km FSO channel under the visibility of greater than 2 km having 

attenuation value 0.2 dB/km for clear weather conditions, 1.5 km, 1 km with attenuations of 4.2 dB/km, 9.2 

dB/km respectively for thin, moderate fog conditions. Figures 6(a) and (b) are constellation points received for 

0.5 km FSO link through 4-QAM and 4-PSK techniques under 22 dB/km heavy fog conditions. Similarly, 

Figures 6(c) and (d) are shown for the 0.7 km FSO link.  

 

 

4. CONCLUSION  

FSO wireless optical channel performance analysis using DD-OFDM scheme with 4-QAM and  

4-PSK input sequences is carried out, and simulated results are observed. According to the observations, the 

proposed model with 4-QAM input to OFDM performs better to reduce signal loss in free space under various 

weather conditions. Signal loss is considered in the atmosphere with attenuation values of 0.2 dB/km,  

4.2 dB/km, 9.2 dB/km, and 22 dB/km for clear air, haze, and foggy conditions, and the FSO channel ranges 

varying from 0.5 km to 3 km. Signal deterioration occurs as distance and attenuation increase, yet the model 

with 4-QAM input sequences to OFDM still produces the most efficient and cost-effective output than 4-PSK 

modulation. After being implemented using OFDM architecture, it was shown that the 4-QAM OFDM FSO 

method produced improved outputs at various conditions.  
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