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ABSTRACT: Free Space Optical (FSO) communication is a high-capacity optical wireless technology for terrestrial backhaul, interbuild-
ing connectivity, and rapidly deployable networks, but fog attenuation, turbulence, and beam-divergence-induced spreading degrade link
reliability. This paper evaluates an impairment-aware erbium-doped fiber amplifier (EDFA)-assisted 8-channel, wavelength division
multiplexing free-space optical (WDM-FSO) system using On-Off Keying (OOK), Differential Phase Shift Keying (DPSK), and Optical
Orthogonal Frequency Division Multiplexing (Optical OFDM). The system uses eight C-band wavelengths from 1552 nm to 1566 nm
with 2 nm spacing, each carrying 10 Gbps, and employs a fixed 20 dB EDFA gain for attenuation compensation. Beer-Lambert propa-
gation loss, Kim visibility-based fog model, log-normal and Gamma-Gamma turbulence models, beam-divergence-induced geometric
spreading, WDM filter isolation, laser launch-power fluctuation, and receiver-side DSP-assisted normalization are considered. RSoft
OptSim simulations are performed over 1-8 km link distances and 50-500 m visibility. Performance is evaluated using bit error rate
(BER), Q-factor, and signal-to-noise ratio (SNR). Under the specified simulation assumptions, Optical OFDM achieves the best per-
formance among the compared schemes, with 1.0 x 1072 BER at 10 Gbps and 1.2 x 10~° BER, 4.72 Q-factor, and 17.0 dB SNR at
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8 km.

1. INTRODUCTION

Free Space Optical (FSO) communication has gained signif-
icant attention as a high-capacity optical wireless technol-
ogy for terrestrial backhaul, inter-building connectivity, disas-
ter recovery networks, and rapidly deployable communication
links [1,2]. It offers several advantages, including large band-
width, license-free spectrum, low installation cost, high data
rate transmission, and immunity to electromagnetic interfer-
ence [1,2]. Due to these benefits, FSO is considered a strong
alternative or complementary solution to conventional radio-
frequency and fiber-based communication systems. However,
the practical deployment of FSO links is strongly limited by
atmospheric channel conditions [1-3]. Fog, haze, rain, atmo-
spheric attenuation, and turbulence-induced irradiance fluctu-
ations reduce received optical power, increase bit error rate
(BER), and degrade overall link reliability [2-5]. Among these
impairments, fog is one of the most critical because its scatter-
ing effect can severely attenuate the optical signal and reduce
the achievable transmission distance [3, 5, 6].

Figure 1 shows the proposed N-channel WDM-FSO system
with an EDFA. Multiple laser sources are combined using a
WDM multiplexer, amplified by an EDFA booster, and trans-
mitted through the FSO channel using a Tx telescope. The FSO
channel includes atmospheric effects, such as haze, fog, rain,
and turbulence. At the receiver side, the signal is collected by
the Rx telescope, amplified by an EDFA pre-amplifier, sepa-
rated using a WDM demultiplexer, and detected by photode-

* Corresponding author: Tejas Patel (tejaspatel. mca@charusat.ac.in).

doi:10.2528/PIERC26061502

286

tectors. This setup is used to analyze WDM-FSO performance
under different atmospheric conditions [7-9].

To improve capacity and reliability of FSO systems, sev-
eral techniques have been investigated, including Wavelength
Division Multiplexing Free Space Optical (WDM-FSO) trans-
mission, optical amplification, atmospheric channel modeling,
and advanced modulation schemes [7,9—-11]. WDM-FSO in-
creases system capacity by transmitting multiple optical wave-
lengths through the same free-space channel [7-9, 12]. Erbium-
Doped Fiber Amplifier (EDFA) is commonly used to com-
pensate for optical power loss and improve receiver sensitiv-
ity [7, 10, 13]. In addition, modulation techniques such as On-
Off Keying (OOK), Differential Phase Shift Keying (DPSK),
and Optical Orthogonal Frequency Division Multiplexing (Op-
tical OFDM) have been studied to enhance transmission perfor-
mance under atmospheric impairments [11, 14-16].

Although existing studies have contributed significantly to
FSO system analysis, many of them focus on single-channel
links, limited atmospheric conditions, or individual modula-
tion techniques [11, 14, 15, 17]. Comprehensive evaluation of
multi-channel WDM-FSO systems under visibility-dependent
fog attenuation and turbulence-induced fading remains com-
paratively limited [3, 6, 18-20]. Moreover, few studies jointly
compare OOK, DPSK, and Optical OFDM within the same
EDFA-assisted WDM-FSO framework using BER, Q-factor,
and SNR as common performance metrics [10, 14-16]. This
creates a need for a unified model that can provide a more real-
istic performance assessment under fog-prone terrestrial envi-
ronments.
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N-Channel WDM-FSO System with EDFA
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FIGURE 1. N-channel WDM-FSO system with EDFA.

To address this gap, this paper proposes an atmospheric
impairment-aware 8-channel WDM-FSO system with EDFA
operating in the optical C-band. The system uses eight wave-
lengths from 1552nm to 1566 nm with 2nm channel spac-
ing, where each channel carries 10 Gbps data. A 20dB EDFA
is incorporated to compensate atmospheric attenuation loss
and improve received signal quality. The atmospheric chan-
nel is modeled using Beer-Lambert propagation loss and the
Kim visibility-based attenuation model, while log-normal and
Gamma-Gamma distributions are used to represent weak and
strong turbulence conditions [3,4, 11, 14]. The complete sys-
tem is simulated in RSoft OptSim over 1-8 km link distances
and 50-500 m fog-impaired visibility conditions.

The main contributions of this work are as follows. First,
an EDFA-assisted 8-channel C-band WDM-FSO system is
evaluated for high-capacity optical wireless transmission un-
der a unified impairment-aware simulation framework. Sec-
ond, visibility-dependent fog attenuation, Beer-Lambert prop-
agation loss, turbulence-aware channel modeling, and beam-
divergence-induced geometric spreading are integrated into the
system model. Third, OOK, DPSK, and Optical OFDM are
compared under the same link configuration, wavelength allo-
cation, EDFA gain, receiver condition, and performance met-
rics. Fourth, this study clarifies the OFDM configuration, sim-
ulated and analytical BER evaluation procedure, EDFA noise
contribution, WDM filter isolation, laser launch-power fluctua-
tion, and receiver-side DSP-assisted normalization, and further
evaluates these practical impairments through a compact sensi-
tivity analysis. These additions are motivated by prior stud-
ies on fog-impaired FSO channels, turbulence-aware optical
wireless links, WDM-FSO systems, and modulation-dependent
FSO performance evaluation [11, 14-16]. Therefore, the prac-
tical significance of the work lies in identifying the modulation
behavior of an EDFA-assisted WDM-FSO link when both at-
mospheric and system-level impairments are considered.
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The aim of this study is to evaluate the reliability of an
EDFA-assisted 8-channel WDM-FSO system under adverse at-
mospheric conditions and to determine the modulation scheme
that provides the best performance under specified simulation
assumptions. The rest of the paper is organized as follows. Sec-
tion 2 reviews related work on atmospheric impairment-aware
FSO and WDM-FSO systems. Section 3 describes the proposed
system model, fair-comparison setup, channel modeling, EDFA
and WDM assumptions, OFDM configuration, and receiver-
side DSP processing. Section 4 presents the simulation results
and practical impairment sensitivity analysis. Section 5 dis-
cusses the observed performance trends, OFDM advantages,
and practical limitations. Section 6 concludes the paper with
key findings and future research directions.

2. RELATED WORK

Recent studies on WDM-FSO systems show that atmospheric
attenuation and turbulence strongly affect link reliability, re-
ceiver sensitivity, and BER performance. Fog is considered
the most critical impairment because scattering and absorption
greatly reduce optical signal strength.

From the reviewed literature, it is observed that most ex-
isting studies focus on high-capacity DWDM/MDM-FSO sys-
tems, EDFA-based loss compensation, atmospheric modeling,
or individual modulation techniques. However, limited work
jointly considers an 8-channel C-band WDM-FSO system with
EDFA, visibility-dependent fog attenuation, turbulence-aware
channel modeling, and comparative performance analysis of
OOK, DPSK, and Optical OFDM using BER, Q-factor, and
SNR. Therefore, the present work addresses this gap by devel-
oping a unified simulation framework for evaluating reliable
high-capacity WDM-FSO transmission under fog-impaired and
turbulence-affected atmospheric conditions. Table 1 summa-
rizes representative recent studies on atmospheric impairment-
aware FSO systems and highlights the corresponding research
gaps addressed in this work.
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TABLE 1. Summary of recent research on atmospheric impairment-aware FSO systems.

Ref. No. Key Findings Research Gap

[19] Shows that DWDM-FSO can support high-capacity transmis- | Does not focus on 8-channel C-band WDM-FSO with EDFA
sion, but adverse weather strongly affects link quality and | and comparative OOK, DPSK, and Optical OFDM analysis.
BER.

[13] Demonstrates that EDFA-based loss compensation improves | Limited emphasis on visibility-dependent fog modeling and
received signal strength and supports high-speed FSO trans- | multi-modulation comparison in WDM-FSO links.
mission.

[2] Reviews major FSO challenges such as turbulence, weather | Being a survey, it does not provide a dedicated simulation
loss, alignment, hybrid links, modulation, and coding. framework for EDFA-assisted WDM-FSO under fog and tur-

bulence.

[3] Presents atmospheric modeling approaches for FSO links un- | Does not evaluate WDM channel allocation, EDFA gain, and
der realistic propagation conditions. modulation performance together.

[5] Discusses improvement of FSO performance under weather- | Limited comparison of OOK, DPSK, and Optical OFDM in a
related impairments. unified 8-channel WDM-FSO system.

[11] Summarizes channel models and modulation methods used to | Does not provide new system-level results for fog-resilient
improve FSO link performance. WDM-FSO with EDFA.

[20] Shows that MDM-WDM can increase capacity and DP-QPSK | Focuses on DP-QPSK and MDM-WDM rather than OOK,
can improve performance under fog conditions. DPSK, and Optical OFDM comparison.

[6] Evaluates MDM-WDM FSO performance under realistic | Does not consider EDFA-assisted 8-channel WDM-FSO with
weather conditions. visibility-dependent fog attenuation and OFDM comparison.

[17] Shows the suitability of FSO links for 5G services under dif- | Does not deeply compare multiple modulation schemes within
ferent geographical and weather conditions. an EDFA-assisted WDM-FSO architecture.

[21] Demonstrates that programmable optical processing can help | Focuses on turbulence-mitigation hardware rather than WDM-
reduce turbulence-induced degradation. FSO modulation and EDFA-based system evaluation.

[12] Shows that WDM-FSO can enhance capacity and support 5G | Does not jointly analyze fog attenuation, turbulence, EDFA,
mobility applications. and OOK/DPSK/Optical OFDM performance.

[16] Compares modulation schemes in a hybrid MDM-OFDM | Focus is on RoFSO/MDM-OFDM, not conventional 8-
RoFSO system. channel WDM-FSO with EDFA under fog visibility condi-

tions.

[22] Shows that wavelength diversity can improve outage probabil- | Does not include EDFA compensation or detailed comparison
ity and BER performance. of OOK, DPSK, and Optical OFDM.

[23] Demonstrates improved long-range FSO performance using | Does not address WDM-FSO operation under visibility-
advanced modulation and coding. dependent fog and turbulence.

[24] Shows that dust conditions affect data rate and FSO link per- | Focuses on dust impairment rather than fog, turbulence,
formance. EDFA, and WDM-based multi-channel transmission.

[25] Proposes multi-hop FSO-UWOC communication for reliable | Application is hybrid FSO-UWOC, not terrestrial WDM-FSO
inter-island links. with EDFA and modulation comparison.

Recent studies from [26-37] further highlight the rapid de-
velopment of high-capacity FSO systems for 5G, smart city,
and long-range optical wireless applications. Kumar and Kr-
ishnan [26,27] investigated RoFSO links with spatial diver-
sity and showed that diversity techniques improve link relia-
bility under combined channel impairments. Singh et al. [28],
Dutta et al. [29], and Singh et al. [30] explored high-speed FSO
transmission using orbital angular momentum and WDM/OAM
multiplexing, demonstrating that advanced multiplexing can
significantly enhance channel capacity. Singh and Malho-
tra [31] compared modulation schemes in MDM radio-over-
FSO links and confirmed that modulation selection strongly
affects BER and link stability under turbulence. EI-Qady
and Abaza [32] studied multi-hop relay-based FSO systems
and showed that relay-assisted transmission improves perfor-
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mance under atmospheric turbulence. Qu et al. [33] proposed a
wavelength-shift-keying-based bidirectional FSO link for last-
mile access, while Singh et al. [34] demonstrated high-capacity
PAM-4-based hybrid PDM-OAM FSO transmission. Wen et
al. [35] investigated DCO-OFDM-based FSO-integrated sens-
ing and communication, showing the suitability of OFDM for
advanced optical wireless systems. Aljohani et al. [36] intro-
duced a regeneration technique to improve FSO signal quality,
and Bekkali et al. [37] presented an optical beam stabilizer for
next-generation FSO systems. Overall, these works confirm
that multiplexing, diversity, relay, OFDM, regeneration, and
beam stabilization techniques can improve FSO performance;
however, limited attention is given to EDFA-assisted 8-channel
WDM-FSO systems under visibility-dependent fog attenuation
with comparative OOK, DPSK, and Optical OFDM analyses.
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8-Channel WDM-FSO System with EDFA
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FIGURE 2. Proposed EDFA -assisted 8-channel WDM-FSO system.

From the reviewed literature, it can be observed that ex-
isting FSO and WDM-FSO studies have individually consid-
ered atmospheric attenuation, turbulence, EDFA-assisted trans-
mission, modulation-format comparison, or real-weather oper-
ation [3, 6, 10, 13, 17]. However, the joint consideration of fair
modulation comparison, explicit OFDM configuration, EDFA
noise contribution, WDM filter isolation, beam-divergence-
induced geometric loss, laser launch-power fluctuation, and
receiver-side DSP-assisted mitigation remains limited. This
gap motivates the impairment-aware evaluation framework
adopted in this work.

3. METHODOLOGY

3.1. System Architecture

This work presents the design and performance evaluation of
an eight-channel Wavelength Division Multiplexing Free Space
Optical (WDM-FSO) communication system operating under
fog-impaired atmospheric conditions. In contrast to conven-
tional comparative modulation studies, the proposed work in-
tegrates atmospheric attenuation modeling, turbulence-induced
fading analysis, and modulation-dependent BER, Q-factor, and
SNR evaluation within a multi-channel optical wireless frame-
work. The system investigates the transmission behavior of
OOK, DPSK, and Optical OFDM modulation schemes under
visibility degradation and long-distance propagation.

For clarity, Fig. 2 should be interpreted with a left-to-right
signal-flow direction from the transmitter section to the re-
ceiver section. The EDFA before the FSO channel acts as a
booster amplifier, while the EDFA after the FSO channel acts
as a receiver-side pre-amplifier.

Figure 2 shows the proposed 8-channel WDM-FSO system
with an EDFA in a simplified block diagram. Eight C-band
laser channels from 1566 nm to 1552 nm are modulated, com-
bined using an 8 x 1 WDM multiplexer, amplified by an EDFA
booster, and transmitted through the FSO atmospheric chan-
nel. At the receiver side, the signal is collected, amplified by
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an EDFA pre-amplifier, separated using a 1 x 8 WDM de-
multiplexer, and detected by a PIN/APD photodetector array.
The BER analyzer, DSO, and power meter are used to evaluate
BER, Q-factor, SNR, and received power. The detailed trans-
mitter and receiver simulation blocks are shown in Figs. 3 and
4.

The WDM demultiplexer is considered as a practical non-
ideal optical filter bank rather than an ideal channel separa-
tor. Therefore, adjacent-channel leakage and possible channel-
power imbalance are considered important WDM-related im-
pairments. In the baseline comparison, the WDM demulti-
plexer is assumed to provide at least 30 dB channel isolation
across the 1552-1566nm wavelength range, while reduced
isolation values of 20dB and 15dB are considered as sensi-
tivity cases for evaluating imperfect WDM filtering. Under
lower isolation conditions, increased inter-channel leakage de-
grades the detected signal quality. This clarification separates
WDM-filter-related penalties from modulation-dependent per-
formance differences.

As shown in Fig. 3, the system uses the optical C-band,
and the eight wavelengths range from 1566 nm to 1552 nm.
Each optical channel is generated using a continuous-wave
laser source and independently modulated using OOK, DPSK,
or Optical OFDM schemes to evaluate modulation-dependent
BER, Q-factor, SNR, transmission robustness, and noise re-
silience under fog-impaired atmospheric conditions. The chan-
nels are multiplexed using a WDM multiplexer and transmitted
through the FSO channel. The simulation is performed using
the RSoft OptSim platform.

To include source-level practical impairment, laser output
fluctuation is modeled as a relative variation around the nomi-
nal launch power. The instantaneous transmitted optical power
is represented as

Bi(t) = Pro[l + 6, (1)) (1

where P; o is the nominal transmitted optical power, and d,(t)
represents the relative laser power fluctuation. In the baseline
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FIGURE 3. Transmitter-side implementation of the 8-channel WDM-
FSO system showing parallel laser/modulator branches, WDM multi-
plexing, EDFA amplification, and FSO-channel input.

comparison, the same nominal launch-power range is main-
tained for all modulation formats. The laser fluctuation effect
is treated as a sensitivity condition in this analysis to evaluate
how small source-power variations influence received power,
BER, Q-factor, and SNR.

Figure 4 shows the receiver section, where the signals are de-
multiplexed, detected, and analyzed. To emulate realistic atmo-
spheric propagation conditions, visibility-dependent fog atten-
uation is varied from 20 dB/km to 100 dB/km across transmis-
sion distances ranging from 1 km to 8 km. This enables the in-
vestigation of modulation robustness under fog-impaired envi-
ronments encountered in practical terrestrial FSO deployments.
Turbulence is also simulated using log-normal and Gamma-
Gamma distributions for weak and strong turbulence, respec-
tively. The Beer-Lambert law is used to simulate signal attenu-
ation. Performance is evaluated using BER, Q-factor, and SNR.

The combined fog attenuation and turbulence framework
enables a more realistic characterization of WDM-FSO chan-
nel impairments than conventional attenuation-only simulation
models. The novelty of this work lies in the comprehensive
performance comparison of different modulation schemes in a
multi-channel WDM-FSO system with fog and turbulence ef-
fects.
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analysis for each WDM channel.

3.2. Free Space Optical Channel Model

The optical signal propagates through a free-space channel af-
fected by atmospheric attenuation and turbulence. The received
optical power considering geometric spreading, atmospheric at-
tenuation, and turbulence-induced fading is modeled as

P.=F- ngo “ Hupm - Hupp (2)

where H,,, represents geometric losses; H,;, represents the
atmospheric attenuation; and H,, represents the turbulence-
induced fading.

In addition to atmospheric attenuation and turbulence, beam
divergence is included via the geometric spreading factor Hy,,.
For a transmitter aperture diameter D, receiver aperture diam-
eter D,., beam divergence angle 6, and propagation distance L,
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the geometric coupling term is approximated as:

D, \?
Hw: ~ A7
& (Dt+0L)

This expression shows that a larger divergence angle in-
creases beam spreading over long distances and reduces the
fraction of optical power collected by the receiver aperture.
Therefore, beam divergence directly affects the received op-
tical power, BER, Q-factor, and SNR, especially at longer FSO
link distances.

3)

3.3. Fog Attenuation Model

Fog is considered the most severe atmospheric impairment in
terrestrial FSO systems due to strong Mie scattering produced
by suspended water droplets, resulting in significant optical
power degradation and reduced transmission reliability. Atmo-
spheric attenuation can be expressed using the Beer-Lambert
law:
P. = Pe 4)
where P, is the received power; P, is the transmitted power; v
is the attenuation coefficient (dB/km); and L is the propagation
distance.
The attenuation coefficient is calculated using the Kim visi-

bility model as:
_ 391/ A -
T 550

where V is the visibility (km); X is the wavelength (nm); and ¢
is the particle size distribution coefficient. For dense fog, ¢ =
0.

The Kim atmospheric attenuation model is selected because
of its suitability for dense fog environments and wavelength-
dependent attenuation estimation in optical wireless communi-
cation systems operating within the C-band spectrum.

)

3.4. Turbulence Model

Atmospheric turbulence causes random irradiance fluctuations
known as scintillation. For weak turbulence conditions, the log-
normal distribution can be used:

I = IyeX

(6)
where X is a Gaussian random variable.

Under dense fog conditions, random refractive index fluctu-
ations introduce strong irradiance scintillation effects, which
significantly degrade signal stability and receiver sensitivity.
Therefore, the log-normal and Gamma-Gamma turbulence
models are used. The probability density function is expressed
as

_2af) e
P = Ty Kap (2V/0BI), 150 ()

where « represents large-scale turbulence effects; 5 represents
small-scale turbulence effects; and K is the modified Bessel
function.
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An erbium-doped fiber amplifier (EDFA) is incorporated to
compensate atmospheric propagation losses and improve re-
ceiver sensitivity under high-attenuation fog conditions. In the
system model, the EDFA is not treated only as an ideal gain
block; its practical noise contribution is represented through
the amplifier noise figure and amplified spontaneous emission
noise contribution included in the receiver-noise-limited per-
formance evaluation. A fixed EDFA gain of 20dB is used
for all modulation formats to maintain a fair comparison. The
EDFA is assumed to provide nearly flat gain across the eight
C-band WDM channels, and possible residual gain imbalance
is considered as a practical limitation of the WDM-FSO link
rather than a modulation-dependent effect.

3.5. Receiver Model

The received signal is de-multiplexed and detected. For OOK,
direct detection is used. The decision threshold is

®)

For DPSK, differential detection is applied by comparing the
phase difference between consecutive symbols. For Optical
OFDM, Fast Fourier Transform processing is employed to re-
cover orthogonal subcarriers and improve receiver-side subcar-
rier recovery and robustness against atmospheric-induced sig-
nal degradation.

To mitigate beam-divergence-induced received-power re-
duction at longer link distances, a receiver-side DSP-assisted
normalization and threshold-adjustment stage is included after
photodetection and electrical filtering. The DSP stage estimates
the average received signal level for each WDM channel and
applies channel-wise amplitude normalization before decision
thresholding. For an electrical received sample r;, the normal-
ized sample is expressed as

fir + €

Ti

)

where (i, is the estimated mean received signal level over the
observation window, and ¢ is a small constant used to avoid nu-
merical instability. The decision threshold is then adjusted ac-
cording to the normalized signal level. This DSP step does not
compensate atmospheric attenuation itself, but it reduces the
decision-level mismatch caused by beam spreading, channel-
power imbalance, and received-power fluctuations.

The performance of the WDM-FSO system is evaluated us-
ing the bit error rate, Q-factor, and signal-to-noise ratio. The re-
ceiver output quality is first evaluated using the Q-factor, which
represents receiver signal integrity and decision reliability. The
Q-factor corresponding to a given BER can be expressed as:

Q = V2 -erfc™'(2- BER) (10)
where Q is the quality factor; erfc ! (+) is the inverse comple-
mentary error function; and BER is the bit error rate.

For a Gaussian-noise-limited optical receiver, the BER cor-
responding to a given Q-factor can be approximated as:

1 Q
BER = §erfc (\@) (11)
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TABLE 2. Simulation parameters for 8-Channel WDM-FSO system.

Parameter Value
Number of WDM channels 8
Wavelengths (nm) 1566, 1564, 1562, 1560, 1558, 1556, 1554, 1552
Channel spacing 2nm

WDM demultiplexer filter isolation

Baseline > 30 dB; sensitivity cases at 20 dB and 15 dB

WDM crosstalk consideration

Adjacent-channel leakage and channel-power imbalance considered as
practical WDM impairments

Modulation schemes

OOK, DPSK, Optical OFDM

Optical transmitter

Continuous wave laser

Laser fluctuation model

Relative launch-power fluctuation, P;(t) = P:0[1 + dp(¢)]

Laser fluctuation range for sensitivity analysis

£1% to £3% around nominal launch power

Transmit power

0-10dBm

Link distance

1-8 km

Beam divergence

1-2 mrad; included in geometric spreading loss Hieo

Transmitter aperture diameter

5-10cm

Receiver aperture diameter 20-30cm
Optical amplifier EDFA
EDFA gain 20dB
EDFA noise figure 5dB

EDFA gain flatness assumption

Flat gain across 1552—-1566 nm WDM channels

Turbulence model

Log-normal and Gamma-Gamma turbulence models

Atmospheric condition

Fog

Visibility range

50-500m

Attenuation coefficient

20-100 dB/km, visibility-dependent fog attenuation range used in the
simulation

Channel-wise amplitude normalization and adaptive decision-

Receiver-side DSP stage

threshold adjustment

Performance evaluation metrics

BER, Q-factor, SNR

Equations (7) and (8) are inverse forms of the same Q-factor-
BER relationship. Therefore, Eq. (7) is used to relate the
receiver-quality metric to BER, while Eq. (8) is used to cal-
culate the analytical BER reference reported in Tables 4—6.

The electrical Signal-to-Noise Ratio considering attenuation-
induced received power reduction and receiver noise contribu-
tions is calculated as:

(R . Pte*ﬂ’)z

SNR =
2qRPe—' B+ 4IE

(12)

where R is the photodetector responsivity; P; is the transmitted
power; 7y is the attenuation coefficient; L is the link distance;
q is the electron charge; £ is the Boltzmann constant; T is the
temperature; B is the bandwidth; and Ry, is the load resistance.

3.6. Fair Comparison and BER Evaluation Method

For a fair comparison of OOK, DPSK, and Optical OFDM,
the same 8-channel WDM-FSO link configuration is main-
tained for all modulation schemes. The wavelength set, channel
spacing, link distance, visibility range, fog attenuation model,
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turbulence model, EDFA gain, receiver aperture, and perfor-
mance metrics are kept identical. The average optical launch-
power range is also kept the same for all modulation formats.
For fixed-distance and visibility-based evaluations, the nomi-
nal per-channel data rate is maintained at 10 Gbps, while in the
bit-rate sweep, the same bit-rate values are applied to all three
modulation schemes.

In the BER-related result tables, the term “simulated
BER” denotes the BER obtained from the RSoft OptSim
receiver/BER-analyzer output for each simulated link condi-
tion. The term “analytical BER” denotes the BER calculated
using the analytical Q-factor and receiver-noise relationship
given in Eq. (8) together with the received-power and SNR
formulation in Eq. (9). The BER vs bit-rate and BER vs
distance tables report both simulated and analytical BER
values, while the visibility-dependent BER table is reported as
a simulated BER analysis. Thus, the simulated values represent
system-level simulation results, whereas the analytical values
provide a theoretical reference for validating observed BER
trends where applicable.
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FIGURE 5. BER vs bitrate.
TABLE 3. Optical OFDM configuration used in the simulation.
Parameter Value
OFDM type DCO-OFDM for IM/DD optical transmission
FFT size 128
Number of active data subcarriers 52
Number of pilot subcarriers 4

Cyclic prefix length

16 samples, corresponding to 1/8 of the FFT size

Subcarrier modulation

QPSK

Per-channel gross data rate

Nominal 10 Gbps; varied according to the bit-rate sweep for BER vs bit-rate analysis

Receiver processing

Cyclic-prefix removal, FFT-based subcarrier recovery, pilot-aided phase correction, and BER evaluation

To make the Optical OFDM configuration explicit and repro-
ducible, the OFDM transmitter and receiver parameters used in
the simulation setup are summarized in Table 3. These param-
eters define the fixed OFDM setup used to obtain the OFDM
performance results reported in the BER, Q-factor, and SNR
analyses. The same OFDM configuration is maintained for the
distance, visibility, and modulation-comparison analyses un-
less the bit-rate sweep is specifically evaluated.

Comparative performance analysis is performed to evaluate
the BER, Q-factor, and SNR behavior of OOK, DPSK, and
Optical OFDM in a high-capacity WDM-FSO communication
system operating under atmospheric attenuation and turbulence
conditions. The simulation parameters used for evaluating the
proposed 8-channel WDM-FSO system are summarized in Ta-
ble 2. These parameters are selected based on typical practical
values used in optical wireless communication systems.

4. RESULTS

The performance of the proposed 8-channel WDM-FSO sys-
tem is evaluated under fog-impaired atmospheric conditions via
a comparative analysis of OOK, DPSK, and Optical OFDM
modulation schemes. The investigation focuses on modulation-
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dependent BER, Q-factor, and SNR behaviors under atmo-
spheric attenuation and turbulence effects.

The system operates at wavelengths ranging from 1552 nm to
1566 nm with 2 nm channel spacing. Fog-induced Mie scatter-
ing and turbulence-generated irradiance fluctuations introduce
severe optical power degradation, resulting in increased BER,
reduced Q-factor, and deteriorated receiver SNR. The analy-
sis focuses on three important performance metrics: Bit Error
Rate, Q-Factor, and Signal-to-Noise Ratio.

Figure 5 and Table 4 show that BER increases as the bit
rate rises from 2 Gbps to 16 Gbps. This is because higher
bit rates reduce bit duration, making the signal more sensitive
to noise, inter-symbol interference, atmospheric fading, and
EDFA noise. OOK gives the highest BER, DPSK shows better
performance, and OFDM achieves the lowest BER across all
bit rates.

Figure 6 and Table 5 show that BER increases as atmospheric
visibility decreases from 500 m to 50 m. Lower visibility rep-
resents stronger fog or atmospheric attenuation, which reduces
received optical power and degrades signal quality. OOK gives
the highest BER because it is more sensitive to intensity fluc-
tuations and noise, while DPSK provides better performance.
OFDM achieves the lowest BER across all visibility values,
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BER vs Atmospheric Visibility
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FIGURE 6. Visibility vs BER comparison.
TABLE 4. BER vs bit rate.
Bit Rate (Gbps) | Modulation Simulated BER Analytical BER

00K 7.8 %1077 7.1 %1077

2 DPSK 1.5 x 1078 1.3x 1078
OFDM 2.1 x 10710 1.9 x 10710

OOK 1.7 x 107° 1.5 x 1076

4 DPSK 3.1x 1078 2.8 x 1078
OFDM 3.4x 1071 3.0 x 10710

(0]0)°¢ 3.5 x 107¢ 3.1x107°

6 DPSK 5.8 x 1078 5.1x 1078
OFDM 5.2 x 10710 4.6 x 10710

OOK 6.4 x 107¢ 5.7 x 107

8 DPSK 8.6 x 1078 7.8 x 1078
OFDM 7.4 x 10710 6.8 x 10710

00K 1.0 x 1075 9.2 x 10

10 DPSK 1.2x 1077 1.1x 107"
OFDM 1.0 x 107° 9.0 x 10710

(0]0)°¢ 1.5x 107° 1.3 x 1075

12 DPSK 1.7 x 1077 1.5 x 1077
OFDM 1.3 x107° 1.2 x 107°

00K 2.1x107° 1.9 x 1075

14 DPSK 2.3x1077 2.0x 1077
OFDM 1.8 x 107° 1.6 x 107°

00K 2.9x107° 2.5 %x107°

16 DPSK 3.0x 1077 2.7 %1077
OFDM 2.4x107° 2.1x107°

showing its higher robustness against atmospheric impairments
in the WDM-FSO system.

Figure 7 and Table 6 show that the BER increases nonlin-
early as the FSO link distance increases from 1 km to 8 km. This
degradation occurs because longer propagation distance intro-

duces higher atmospheric attenuation, beam spreading loss, tur-
bulence effects, and EDFA amplified spontaneous emission
noise, which reduce the received signal quality. OOK shows
the highest BER and reaches close to the FEC limit at 8 km,
indicating greater sensitivity to distance-related impairments.
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BER vs Link Distance in WDM-FSO System with EDFA
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FIGURE 7. BER vs distance.

TABLE 5. Visibility vs BER under fog conditions.

Visibility (m) | OOK BER | DPSK BER | OFDM BER
500 48x107°% | 37x107% | 4.9x1071°
450 59x107% | 54x107% | 5.8x1071°
400 76x107% | 6.2x107% | 7.9x 10710
350 9.8x107% | 95x107% | 87x1071°
300 1.45x107° | 1.08 x 1077 | 1.28 x 107°
250 1.62x107° | 1.62x 1077 | 1.43x 107°
200 228 x107° | 1.81 x 1077 | 2.05 x 107°
150 247x107°% | 255 x 1077 | 2.31 x 107°
100 3.52x107° | 2.92x 1077 | 3.38 x 107°
50 4.05%x107° | 4.35x 1077 | 3.96 x 107°

DPSK provides better performance than OOK, while OFDM
achieves the lowest BER over the entire distance range. The
simulated BER values are slightly higher than the analytical
values due to practical noise and component losses included in
the simulation model.

Figure 8 and Table 7 show that the Q-factor decreases as the
FSO link distance increases from 1 km to 8 km. This reduction
occurs due to higher atmospheric attenuation, beam spreading
loss, turbulence effects, receiver noise, and EDFA amplified
spontaneous emission noise at longer distances. OOK shows
the lowest Q-factor and experiences the highest degradation,
indicating weaker tolerance to distance-related impairments.
DPSK provides better performance than OOK, while OFDM
maintains the highest Q-factor over the entire distance range.
The analytical Q-factor values are slightly higher than the sim-
ulated values because the simulation includes practical system
losses and noise effects. Overall, under the specified simula-
tion assumptions, OFDM maintains the highest Q-factor over
the evaluated distance range.

Figure 9 and Table 8 show that the SNR decreases as the
FSO link distance increases from 1km to 8 km. This reduc-
tion is caused by increased atmospheric attenuation, geometric
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TABLE 6. BER vs distance.

Distance | Modulation | Simulated BER | Analytical BER
OOK 2.4x107° 1.8 x 107°
1 km DPSK 6.2 x 10711 4.8 x 1071
OFDM 1.7 x 10712 1.3 x 10712
OOK 9.6 x 107° 7.5 %x107°
2km DPSK 2.1 x 1071 1.6 x 10710
OFDM 5.8 x 10712 4.4 x 10712
OOK 58 x 1078 4.4 x 1078
3km DPSK 1.4 x 107° 1.0 x 107°
OFDM 3.6 x 1071 2.7x 1071
OOK 3.7x 1077 2.8 x 1077
4km DPSK 8.5x107° 6.4 x 107°
OFDM 2.1 x 1071 1.6 x 10710
OOK 2.8 x 107 2.1x107°
5km DPSK 5.6 x 1078 42 %1078
OFDM 1.4 x107° 1.1x107°
OOK 2.9 x 1075 2.2x 1075
6km DPSK 42 %1077 3.2x 1077
OFDM 9.8 x 107° 7.4 x 107°
OOK 4.1 x107* 3.0x 1074
7km DPSK 5.8 x 107 4.3x107°
OFDM 1.2 x 1077 89 x 10°°
OOK 3.4x1073 2.4 x 1073
8 km DPSK 6.8 x 1075 4.9 x107°
OFDM 1.2 x 107° 8.7 x 1077

spreading loss, turbulence-induced fading, receiver noise, and
EDFA amplified spontaneous emission noise over longer prop-
agation paths. OOK exhibits the lowest SNR and falls close
to the 10 dB reference level at 8 km, indicating stronger perfor-
mance degradation. DPSK provides improved SNR compared
with OOK, while OFDM maintains the highest SNR through-
out the distance range. The analytical SNR values are slightly
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higher than the simulated values because practical losses and
noise effects are included in the simulation. Overall, under the
specified simulation assumptions, OFDM maintains the highest
SNR over the evaluated distance range.

4.1. Practical Impairment Sensitivity Analysis

To address practical deployment impairments, an additional
sensitivity analysis is performed for the representative long-
distance OFDM case at 8 km and 10 Gbps. The analysis consid-
ers beam divergence, WDM filter isolation, laser launch-power
fluctuation, and receiver-side DSP-assisted normalization. The
baseline condition is taken from the original 8 km OFDM result,
where the simulated BER, Q-factor, and SNR are 1.2 x 1075,
4.72, and 17.0 dB, respectively. The sensitivity results are sum-
marized in Table 9.
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Table 9 shows that beam divergence, reduced WDM filter
isolation, and laser launch-power fluctuation degrade the link
by increasing BER and reducing Q-factor/SNR. The degrada-
tion is more visible at 8 km because geometric spreading and
attenuation reduce the received optical power. When the beam
divergence increases from 1.0 mrad to 2.0 mrad, the BER in-
creases from 1.2x 1075 to 6.1 x 1076, With receiver-side DSP-
assisted normalization and adaptive thresholding, the BER im-
proves to 4.2 x 10~° under the same 2.0 mrad divergence con-
dition. Similarly, reducing WDM filter isolation to 15dB in-
creases interchannel leakage and degrades BER to 7.4 x 1076,
These results confirm that practical transmitter, receiver, and
WDM filtering impairments must be considered when evaluat-
ing long-distance EDFA-assisted WDM-FSO links.
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TABLE 7. Q-factor vs distance.

Distance | Modulation Simulated Analytical
Q-Factor Q-Factor

OOK 5.85 5.90

1 km DPSK 6.43 6.47
OFDM 6.96 7.00

OOK 5.62 5.66

2km DPSK 6.25 6.29
OFDM 6.79 6.82

OOK 5.30 5.35

3km DPSK 5.94 6.00
OFDM 6.52 6.56

OOK 4.95 5.00

4km DPSK 5.64 5.69
OFDM 6.25 6.29

OOK 4.54 4.60

5km DPSK 5.31 5.36
OFDM 5.94 5.08

OOK 4.02 4.09

6km DPSK 4.93 4.98
OFDM 5.62 5.66

OOK 3.35 3.43

7km DPSK 438 4.45
OFDM 5.17 522

00K 2.71 2.82

8 km DPSK 3.82 3.90
OFDM 4.72 473

5. DISCUSSION

The superior performance of Optical OFDM observed in
the BER, Q-factor, and SNR results can be explained by its
multicarrier transmission mechanism. Instead of transmitting
the complete high-speed data stream on a single optical carrier
waveform, OFDM divides the data into multiple orthogonal
lower-rate subcarriers. This reduces the effective symbol-rate
burden on each subcarrier and improves tolerance against
dispersion-like distortion, turbulence-induced fading, and
receiver-noise-limited degradation. The FFT-based receiver
processing also helps recover the orthogonal subcarriers more
effectively under the same WDM-FSO channel conditions
used for OOK and DPSK. Therefore, under the specified
simulation assumptions, OFDM maintains lower BER, higher
Q-factor, and higher SNR, especially at longer link distances
and lower visibility conditions.

However, the OFDM advantage should not be interpreted as
unconditional. Optical OFDM is more sensitive to high peak-
to-average power ratio, clipping distortion, laser fluctuation,
phase noise, and EDFA-related nonlinear or noise enhancement
effects. In WDM-FSO links, reduced demultiplexer filter isola-
tion and channel-power imbalance can further degrade OFDM
subcarrier recovery due to inter-channel leakage. The practi-
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TABLE 8. SNR vs distance.

Distance | Modulation Simulated Analytical
SNR (dB) SNR (dB)

00K 217 2.1

1km DPSK 24.5 24.9
OFDM 272 276

00K 20.6 21.0

2km DPSK 23.6 24.0
OFDM 26.3 26.7

OOK 19.2 19.7

3km DPSK 223 208
OFDM 25.0 25.5

OOK 17.8 18.3

4km DPSK 21.0 215
OFDM 23.8 243

OOK 16.1 16.7

5km DPSK 19.5 20.0
OFDM 224 22.9

OOK 14.2 14.8

6km DPSK 17.9 18.4
OFDM 20.8 21.4

OOK 12.0 12.7

7km DPSK 158 16.4
OFDM 18.9 195

OOK 9.8 10.6

8km DPSK 13.7 14.4
OFDM 17.0 17.7

cal impairment sensitivity analysis in Table 9 therefore shows
that beam divergence, reduced WDM filter isolation, including
the 15dB case below 20dB, and laser launch-power fluctua-
tion degrade the OFDM-based link performance. The receiver-
side DSP normalization reduces decision-level mismatch, but
it does not completely remove atmospheric attenuation or geo-
metric spreading loss. Hence, the reported OFDM improve-
ment is valid within the defined EDFA-assisted WDM-FSO
simulation conditions and practical impairment assumptions.

This work distinguishes itself by integrating multi-channel
WDM-FSO transmission, visibility-dependent fog attenuation,
turbulence modeling, EDFA gain/noise assumptions, WDM
filter-isolation sensitivity, beam-divergence modeling, laser
fluctuation modeling, receiver-side DSP-assisted normaliza-
tion, and modulation-dependent BER/Q-factor/SNR evaluation
within a unified impairment-aware framework.

It is evident from Table 10 that existing works generally fo-
cus on limited channel configurations, individual modulation
techniques, or isolated atmospheric effects. In contrast, this
work provides a comparative analysis of OOK, DPSK, and Op-
tical OFDM in an EDFA-assisted 8-channel WDM-FSO system
while also considering practical impairments such as WDM fil-
ter isolation, beam divergence, laser launch-power fluctuation,
and receiver-side DSP mitigation.
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TABLE 9. Practical impairment sensitivity analysis for the OFDM-based WDM-FSO link at 8 km.

Impairment condition Parameter setting DSP BER Q/SNR
Baseline 6 = 1.0mrad, isolation > 30 dB, no laser fluctuation | No 1.2 x 107% | 4.72/17.0

Beam divergence 0 = 1.5 mrad No | 2.8 x107° | 4.55/16.2
Beam divergence 0 = 2.0mrad No | 6.1x107° | 431/15.4
Beam divergence 0 = 2.0mrad Yes | 4.2 x107°% | 4.43/154
WDM filter isolation 20dB No | 2.2x107% | 4.60/16.5
WDM filter isolation 15dB No 7.4x107°% | 4.26/15.1
Laser fluctuation +1% launch-power variation No 1.5 x 107% | 4.67/16.8
Laser fluctuation +3% launch-power variation No | 3.6 x107° | 4.46/15.9

TABLE 10. Comparison between existing atmospheric impairment-aware FSO systems and proposed WDM-FSO framework.

Ref. Existing FSO Atmospheric Key Findings Research Gap / Difference from Proposed
No. System / Method Impairment Limitation Work
Considered

[10] Coherent Atmospheric OFDM with EDFA improves Focuses mainly on Proposed work compares
OFDM-FSO with channel loss FSO link performance and OFDM and EDFA, OOK, DPSK, and Optical
cascaded EDFA signal quality. without multi-modulation | OFDM in the same

comparison in an EDFA-assisted WDM-FSO
8-channel WDM system. | framework.

[13] High-speed FSO-5G |Propagation loss High-power EDFA improves Does not provide detailed | Proposed work applies
using high-power loss compensation and supports | WDM channel-based fog | EDFA in an 8-channel
EDFA high-speed FSO-5G links. and turbulence analysis. | WDM-FSO system and

evaluates BER, Q-factor, and
SNR.

[3] Atmospheric Atmospheric Provides modeling insight for | Mainly Proposed work combines
modeling of FSO propagation effects |FSO transmission under modeling-oriented; does |atmospheric modeling with
transmission atmospheric conditions. not compare modulation | practical system-level

formats in WDM-FSO simulation and modulation
architecture. comparison.

[6] MDM-WDM FSO Real weather Shows the importance of Does not consider Proposed work evaluates
using DP-QPSK conditions realistic weather modeling in EDFA -assisted 8-channel | EDFA-assisted WDM-FSO
under real weather FSO performance evaluation. | WDM-FSO with OFDM | over 1-8 km and 50-500 m

comparison. visibility.

[17] High-speed FSO for |Geographical Shows that FSO performance | Does not focus on Proposed work provides a
5G data services in | weather variation changes with location and WDM-FSO channel unified 8-channel
different Indian weather conditions. allocation, EDFA, and WDM-FSO framework for
locations comparative modulation | fog-impaired and

analysis. turbulence-affected
conditions.

Proposed| 8-channel C-band Fog attenuation, Under the specified simulation | Existing works generally |Integrates Kim

Work WDM-FSO with reduced visibility, | assumptions, Optical OFDM do not jointly consider visibility-based fog

EDFA using OOK,
DPSK, and Optical
OFDM

turbulence, beam
divergence, WDM
filter isolation, and
laser launch-power
fluctuation

achieves the lowest BER and
maintains higher Q-factor and
SNR than OOK and DPSK.
Additional sensitivity analysis
shows that beam divergence,
reduced WDM filter isolation,
and laser fluctuation degrade
link performance, while
receiver-side DSP-assisted
normalization improves
decision-level stability.

modulation comparison,
EDFA practical noise
contribution, WDM filter
isolation, beam
divergence, laser
fluctuation, and
DSP-assisted receiver
mitigation in one
WDM-FSO framework.

attenuation, Beer—Lambert
loss, log-normal and
Gamma—Gamma turbulence,
EDFA gain/noise
assumptions, WDM
filter-isolation sensitivity,
beam-divergence modeling,
laser fluctuation modeling,
and receiver-side
DSP-assisted normalization
in one framework.
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6. CONCLUSION

In this work, an EDFA-assisted 8-channel WDM-FSO com-
munication system was evaluated under fog-impaired and
turbulence-affected atmospheric conditions. The proposed
system integrates visibility-dependent fog attenuation using
the Kim atmospheric model, Beer-Lambert propagation loss,
geometric spreading due to beam divergence, and turbulence
modeling using log-normal and Gamma-Gamma distributions.
The performance of OOK, DPSK, and Optical OFDM modu-
lation schemes was compared using BER, Q-factor, and SNR
as the main performance metrics under the same WDM-FSO
link configuration.

The results show that increasing link distance, higher bit rate,
reduced visibility, beam divergence, WDM filter leakage, and
laser launch-power fluctuation degrade system performance by
reducing the received signal quality. Under the specified sim-
ulation assumptions, Optical OFDM provides the best BER,
Q-factor, and SNR performance among the three compared
modulation schemes. At 10 Gbps, Optical OFDM achieved a
BER of 1.0 x 1079, compared with 1.2 x 10~7 for DPSK and
1.0 x 107° for OOK. At 8 km, Optical OFDM maintained a
BER 0f 1.2x 1076, Q-factor of4.72, and SNR of 17.0 dB, while
DPSK achieved 6.8 x 10~° BER, 3.82 Q-factor, and 13.7 dB
SNR. In contrast, OOK degraded to 3.4 x 1073 BER, 2.71 Q-
factor, and 9.8 dB SNR. Under 50 m visibility, Optical OFDM
achieved the lowest BER of 3.96 x 107,

The additional practical-impairment sensitivity analysis
shows that beam divergence, reduced WDM filter isolation,
and laser launch-power fluctuation can further degrade the
OFDM-based WDM-FSO link, especially at longer distances.
The receiver-side DSP-assisted normalization and adaptive
thresholding method improves decision-level stability under
beam-divergence-induced received-power variation, but it does
not eliminate atmospheric attenuation or geometric spreading
loss. Therefore, the evaluated EDFA-assisted WDM-FSO
system indicates potential for high-capacity terrestrial optical
wireless communication under the considered simulation
conditions, while practical deployment should also consider
OFDM PAPR, EDFA noise figure, WDM filter isolation,
laser fluctuation, pointing stability, and outdoor experimental
validation. Future work can extend the study by using adaptive
EDFA gain control, coding-assisted OFDM, hybrid RF/FSO
backup links, real-time weather-aware modulation selection,
and experimental validation under practical atmospheric
conditions.
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