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 This paper presents a comprehensive analysis of an enhanced dual-polarisation free-space 
optics (DP-FSO) communication system incorporating wavelength division multiplexing 
(WDM) and intelligent digital signal processing (DSP) techniques. The proposed system 
achieves data rates exceeding 400 Gbps over 10 km transmission distances using higher-
order modulation schemes including 16-QAM, 32-QAM, 64-QAM, and 128-QAM across 
multiple wavelength channels. Advanced DSP algorithms including adaptive equalisation, 
frequency offset correction, I/Q imbalance compensation, and common phase error (CPE) 
correction are implemented to mitigate atmospheric turbulence effects and system 
impairments. Performance evaluation demonstrates that the WDM-enhanced DP-FSO 
system maintains bit error rates below 10−³ under moderate atmospheric turbulence 
conditions while supporting spectral efficiencies up to 16 bits/s/Hz. The system shows 
robustness against polarisation-dependent losses up to 3 dB and crosstalk levels down to 
−20 dB. Results indicate that the proposed system offers a viable solution for high-capacity 
terrestrial and satellite communication links requiring reliable performance under diverse 
atmospheric conditions. 
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1. Introduction 

Free-space optics (FSO) communication systems have 
emerged as a critical technology for high-speed wireless 
communication applications, offering several advantages 
over traditional radio frequency systems including license-
free operation, high bandwidth capacity, and inherent 
security [1]. The increasing demand for ultra-high data 
rates in telecommunications infrastructure, particularly for 
5G/6G backhaul networks and satellite communications, 
has driven significant research into advanced FSO system 
architectures [2]. 

Recent developments in optical communication 
technologies have demonstrated the potential for FSO 
systems to achieve data rates comparable to fibre-optic 
networks while maintaining the flexibility of wireless 
deployment [3]. The integration of multiple advanced 
techniques, including coherent detection, digital signal 
processing, and spatial diversity, has enabled FSO systems 

to overcome many traditional limitations associated with 
atmospheric propagation [4]. 

Dual-polarisation (DP) techniques in FSO systems 
effectively double the spectral efficiency by utilizing 
both horizontal and vertical polarisation states to transmit 
independent data streams [5]. However, atmospheric 
propagation effects including scintillation, beam wandering, 
and polarisation fluctuations pose significant challenges to 
maintaining reliable communication links, particularly 
over extended distances [1, 6].These effects become 
increasingly pronounced at longer wavelengths and higher 
data rates, necessitating sophisticated mitigation techniques. 

Wavelength division multiplexing (WDM) technology, 
widely deployed in fibre-optic networks, offers substantial 
potential for enhancing FSO system capacity by enabling 
simultaneous transmission of multiple data channels at 
different optical wavelengths [7, 8] The integration of 
WDM with DP-FSO systems presents unique opportunities 
for achieving aggregate data rates exceeding several 
hundred Gbps while maintaining acceptable bit error rate 
(BER) performance [9]. Recent demonstrations have shown *Corresponding author at: usamazahoor138@gmail.com 
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WDM-FSO systems capable of multi-terabit transmission 
over short distances, indicating the scalability potential of 
this approach [10, 11]. 

The atmospheric channel characteristics present unique 
challenges for WDM-FSO systems compared to fibre-optic 
implementations. Wavelength-dependent scattering, absorp-
tion, and turbulence effects require careful consideration  
in system design [12]. Additionally, the free-space 
propagation environment introduces pointing errors and 
beam wander that can affect different wavelength channels 
differently [13]. 

Recent advances in digital signal processing (DSP) 
have revolutionised optical communication systems by 
enabling sophisticated compensation algorithms for 
various transmission impairments [14]. Advanced DSP 
techniques including adaptive equalisation, carrier phase 
recovery, and frequency offset estimation have proven 
effective in mitigating atmospheric turbulence effects and 
system-induced impairments in FSO links [15]. The 
application of machine learning algorithms to DSP 
optimisation has shown promising results in adaptive 
channel compensation [16]. 

Higher modulation schemes, including 16-QAM, 
64‑QAM, and beyond, offer the potential for increased 
spectral efficiency in FSO systems, though they require 
more sophisticated receiver architectures and DSP algo-
rithms [17]. The trade-off between spectral efficiency and 
robustness against atmospheric impairments remains a key 
design consideration for long-range FSO systems [18]. 
This paper presents a comprehensive investigation of  
a WDM-enhanced DP-FSO communication system em-
ploying advanced DSP techniques and higher-order 
modulation schemes. The key contributions of this work 
include: 
1. Development of a comprehensive WDM-DP-FSO 

system model incorporating atmospheric turbulence 
effects, polarisation impairments, and realistic system 
parameters. 

2. Implementation and evaluation of advanced DSP 
algorithms optimised for FSO channel characteristics 
across multiple wavelength channels. 

3. Performance analysis under various modulation schemes 
(16-QAM through 128-QAM) and atmospheric 
conditions. 
The remainder of this paper is organised as follows: 

section 2 presents the WDM-DP-FSO system architecture 
and mathematical modelling, section 3 details the simula-
tion methodology and system parameters, section 4 
presents comprehensive performance results and analysis, 
and section 5 concludes the paper. 

2. System architecture and mathematical modelling 

The proposed WDM-enhanced DP-FSO system architec-
ture employs N wavelength channels, each supporting dual-
polarisation transmission with independent data streams. 
The system operates in the C-band (1530–1565 nm) with 
channel spacing of 100 GHz to minimise inter-channel 
crosstalk while maximising spectral efficiency [19]. 
Figure 1 demonstrates the basic block diagram of proposed 
system. 

At the transmitter, each wavelength channel undergoes 
independent digital signal processing including pulse 
shaping using root-raised cosine (RRC) filters, followed by 
digital-to-analogue conversion and optical modulation 
using I/Q modulators [20]. Polarisation multiplexing is 
achieved through polarisation beam combiners, and 
wavelength multiplexing uses arrayed waveguide gratings 
(AWGs) or thin-film filters, depending on channel count 
and spacing requirements. 

The FSO channel model incorporates atmospheric 
turbulence effects described by the gamma-gamma distri-
bution, geometric losses due to beam divergence, 
atmospheric absorption, and scattering effects [21]. At the 
receiver, wavelength demultiplexing is performed using 
similar AWG technology, followed by polarisation 
separation using polarisation beam splitters and coherent 
detection with local oscillator lasers for each wavelength 
channel. 

The optical field received for the ith wavelength channel 
and jth polarisation can be expressed as [22]: 

 
Fig. 1. Block diagram of a WDM-DP-FSO system. 
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where ηi represents the geometric loss factor for 
wavelength λᵢ, hi,j(t) is the atmospheric turbulence 
coefficient, Et,i,j(t) is the transmitted field, and ni,j(t) 
represents the additive white Gaussian noise. 

The atmospheric turbulence coefficient follows the 
gamma-gamma distribution with probability density 
function [23]: 
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where I is the normalised irradiance, α and β are the 
gamma-gamma distribution parameters related to the 
atmospheric turbulence strength, and Kα−β is the modified 
Bessel function of the second kind. 

The parameters α and β are related to the atmospheric 
conditions through the Rytov variance [24]: 

 2 2 7/6 11/61.23 ,R nC k Lσ =  (3) 

where Cn
2 is the refractive index structure parameter, k is 

the optical wave number, and L is the propagation distance. 
The geometric loss factor accounts for beam divergence 

and pointing errors [25]: 
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where Dr is the receiver aperture diameter, θi is the beam 
divergence angle for wavelength λᵢ, and θpoint accounts for 
the pointing errors. 

Polarisation-dependent effects are modelled using 
Jones matrix formalism. The polarisation transformation 
matrix incorporating polarisation-dependent loss (PDL), 
crosstalk, and rotation effects is [26]: 

 11cos sinM ,sin cos
κϕ ϕ

ϕ ϕ κ γ
  =   −   

 (5) 

where φ represents the polarisation rotation angle, κ is the 
crosstalk coefficient, and γ is the PDL factor given by: 

 dBPDL / 2010 .γ −=  (6) 

In (6), PDL is the polarisation-dependent loss. 
The polarisation mode dispersion (PMD) effects are 

incorporated through a frequency-dependent phase difference: 

 PMD PMD( ) ,φ ω τ ω∆ = ⋅  (7) 

where τPMD is the differential group delay. 
Inter-channel crosstalk in the WDM system is modelled 

considering both linear and nonlinear effects. The crosstalk 
power from adjacent channels is given by [26]: 
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where εi,k is the crosstalk coefficient between channels i and 
k, Pk is the power of channel k, and Hi,k(∆fi,k) represents the 
frequency response function dependent on channel spacing 
Δfi,k. 

The wavelength-dependent atmospheric absorption is 
modelled using the Beer-Lambert law [27]: 
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where α0 is the peak absorption coefficient, λ0 is the centre 
wavelength, and σλ characterises the absorption bandwidth. 

The adaptive equalisation algorithm employs a multi-
tap finite impulse response (FIR) filter with tap weights 
updated using the recursive least squares (RLS) algorithm. 
The equaliser output is [28]: 

 
1

0
( ) ( ) ( ),

N

k
k

y n n x n kω
−

=

= −∑  (10) 

where ωk(n) are the adaptive tap weights and N is the number 
of equalisers taps. The RLS weight update equation is: 

 *( 1) ( ) ( ) ( ),w n w n k n e n+ = + ⋅  (11) 

where k(n) is the Kalman gain vector and e*(n) is the error 
signal. 

The Kalman gain vector is computed as: 
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where λ is the forgetting factor and P(n) is the inverse 
correlation matrix. 

Carrier frequency offset estimation utilizes the fourth-
power algorithm for M-QAM signals [29]: 
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where r(n) represents the received signal samples and T 
symbol is the period. The frequency correction is applied 
through digital phase rotation: 

 2
corr ( ) ( ) ,oj f nTr n r n e π−=  (14) 

where rcorr(n) is the frequency corrected signal. 
For improved accuracy in low SNR conditions, a modi-

fied algorithm incorporating windowing is employed: 
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where ω(n) is the Kaiser window function. 
I/Q imbalance compensation addresses gain and phase 

mismatches in the receiver front-end [30]. The compensation 
matrix is: 
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where gI band gQ are the gain imbalance factors and ϕI,Q is 
the phase imbalance. 

The compensation parameters are estimated using a blind 
algorithm based on second-order statistics: 
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I and Q denote the in-phase and quadrature components 
of the received signal. 
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E[I,Q] measures the correlation between channels. 
CPE correction employs block-wise phase estimation 

using the Mth power algorithm [15]: 
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where Nb is the block size and M is the modulation order. 
For improved performance in the presence of noise, 

a weighted averaging approach is used: 
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Symbol timing recovery is performed using a Gardner 
timing error detector [31]: 

 timing ( ) Re [Re[ ( )] Re[ ( )]].
2
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 (21) 

The timing loop incorporates a proportional-integral 
controller for robust performance under varying channel 
conditions. In (21), T is the period symbol. 

3. Simulation methodology and system parameters 

3.1. System parameters 

Table 1 demonstrates the simulation parameters of the 
proposed system. 

Table 1. 
System parameters and specifications for WDM-DP-FSO 

communication system [32]. 

Parameter Value 
Operating wavelengths 1530–1565 nm 
Number of WDM channels 8 
Channel spacing 100 GHz 
Symbol rate per channel 25 GBaud 
Transmission distance 10 km 
Transmitter aperture 20 cm 
Receiver aperture 40 cm 
Beam divergence 10 μrad 

Modulation schemes 16-QAM, 32-QAM, 
64-QAM, 128-QAM 

Pulse shaping RRC (β = 0.25) 
Samples per symbol 4 
Equaliser taps 21 
RLS Forgetting factor 0.995 

3.2. Atmospheric conditions 

The simulation considers five atmospheric turbulence 
conditions characterised by refractive index structure 
parameter Cn

2 values given in Table 2 [33]. 

Table 2. 
Atmospheric turbulence conditions and refractive index  

structure parameters  

Condition Cn
2(m−2/3) Description 

Clear 1 × 10−17 Excellent visibility 

Light 1 × 10−16 Good visibility 

Moderate 1 × 10−15 Moderate turbulence 

Strong 5 × 10−15 Strong turbulence 

Severe 1 × 10−14 Severe conditions 

3.3. Performance metrics 

System performance is evaluated using the following 
metrics: 
1. Bit error rate (BER): Calculated as the ratio of error 

bits to total transmitted bits. 
2. Spectral efficiency: Measured in bits/s/Hz considering 

all WDM channels. 
3. Outage probability: Probability of BER exceeding 

10−3 threshold 
4. Channel capacity: Shannon capacity considering 

atmospheric fading. 

3.4. Simulation framework 

The simulation employs Monte Carlo techniques with at 
least 106 symbol transmissions per data point to ensure 
statistical significance. The atmospheric turbulence is 
modelled using correlated samples generated through auto 
regressive filtering of gamma-gamma distributed random 
variables. 

4. Result and discussion 

4.1. BER performance analysis 

The BER performance analysis demonstrates that the 
WDM-enhanced DP-FSO system maintains acceptable 
performance across all implemented modulation schemes 
shown in Fig. 2. 

For 16-QAM modulation, BER values below 10−3 are 
achieved at SNR levels above 18 dB under moderate 
turbulence conditions. Higher-order modulation schemes 
(64-QAM and 128-QAM) require SNR penalties of 
approximately 6 dB and 12 dB, respectively, compared to 
16-QAM. Table 3 demonstrates the performance of 
different QAM modulation techniques[34]. 

Table 3. 
Performance summary for different modulation schemes in 

WDM-DP-FSO system. 

Modulation Required 
SNR (dB) 

Data rate per 
channel (Gbps) 

Spectral efficiency 
(bits/s/Hz) 

16-QAM 18 100 8 

32-QAM 22 125 10 

64-QAM 24 150 12 

128-QAM 30 175 14 
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4.2. Atmospheric turbulence impact 

The impact of atmospheric turbulence on system 
performance varies significantly with turbulence strength 
as shown in Fig. 3. Under strong turbulence conditions 
(Cn

2 = 10−14), the advanced DSP suite provides up to 15 dB 
improvement in SNR requirement compared to basic 
equalisation techniques. The full DSP stack, incorporating 
all compensation algorithms, maintains BER below 10−3 
even under severe turbulence conditions. 

4.3. Wavelength channel performance 

Analysis of individual WDM channel performance reveals 
minimal variation across the 8-channel system, with BER 
differences less than 0.5 dB between edge and centre 
channels shown in Fig. 4. This uniformity validates the 
effectiveness of the channel spacing design and crosstalk 
mitigation techniques. The slight performance degradation 
at edge channels is attributed to filter roll-off effects in the 
WDM multiplexer/demultiplexer. 

4.4. Polarisation impairment tolerance 

The system demonstrates robust performance against 
polarization impairments, maintaining BER below 10−3 for 
PDL values up to 3 dB and crosstalk levels down to 
−20 dB, as shown in Fig. 5. Beyond these thresholds, 
performance degradation becomes significant, particularly 
for higher-order modulation schemes. The dual-polarisation 
architecture shows graceful degradation under polarisation 
impairments. 

4.5. WDM channel crosstalk analysis 

The channel spacing is 100 GHz, with the operating range 
from 1530 nm to 1565 nm. There are eight channels in 
total, and the filter type is AWG combined with Gaussian. 
Measurements are taken over a distance of 20 km, at 
a temperature of 25 °C with a tolerance of ± 2 °C. 

Inter-channel crosstalk remains below −30 dB for 
adjacent channels and −40 dB for non-adjacent channels 
across the entire C-band spectrum shown in Fig. 6. 
The wavelength-dependent crosstalk characteristics are 
well within acceptable limits for maintaining system 
performance. 

 
Fig. 5. System BER vs. PDL (0-5 dB) and crosstalk levels 

(−40 to −10 dB) shown as a contour plot for 64-QAM 
modulation. 

 

 

 
Fig. 3. BER vs. atmospheric turbulence strength (Cn

2) for 
different DSP techniques (No DSP, basic equalisation, 
advanced equalisation, full DSP stack) at fixed 
SNR = 25 dB 

 

 

 
Fig. 2. BER vs. SNR for different modulation schemes 

(16‑QAM, 32-QAM, 64-QAM, 128-QAM) with 
WDM‑DP-FSO system under moderate turbulence 
conditions. 

 

 

 
Fig. 4. BER performance across eight WDM channels 

(wavelengths 1530–1565 nm) showing channel 
uniformity and edge effects. 
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5. Conclusions 

This paper presented a comprehensive analysis of an 
enhanced WDM-DP-FSO communication system 
employing advanced digital signal processing techniques. 
The system demonstrates the ability to achieve aggregate 
data rates exceeding 800 Gbps over 10 km transmission 
distances while maintaining acceptable BER performance 
under diverse atmospheric conditions. 

Key findings include the effectiveness of advanced 
DSP algorithms in mitigating atmospheric turbulence 

effects, with up to 15 dB SNR improvement compared to 
basic equalisation. The WDM implementation successfully 
scales system capacity by 8× with minimal inter-channel 
interference when proper channel spacing and filtering are 
employed. Higher-order modulation schemes up to 
128‑QAM prove viable under appropriate SNR conditions, 
enabling spectral efficiencies approaching 16 bits/s/Hz. 

Polarisation multiplexing effectively doubles spectral 
efficiency while maintaining robustness against polarisation-
dependent impairments up to practical threshold levels. 
Implementation considerations including hardware 
requirements, power budgets, and environmental factors 
indicate that the proposed architecture is feasible using 
current technology components. Computational complexity 
remains manageable with modern DSP hardware, and the 
power budget analysis shows adequate link margins for 
reliable operation. 

The proposed WDM-DP-FSO architecture offers 
a compelling solution for next-generation high-capacity 
wireless communication applications including 5G/6G 
backhaul networks, satellite communications, and disaster 
recovery scenarios. The demonstrated performance charac-
teristics make this technology suitable for deployment in 
scenarios requiring ultra-high data rates with moderate 
infrastructure investment. 

Future research will focus on machine learning 
enhancements, orbital angular momentum multiplexing, 
and hybrid system architectures to further improve perfor-
mance and reliability. Integrating these advanced 
techniques promises to extend FSO system capabilities 
beyond current limitations while maintaining practical 
implementation feasibility. 
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