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Free-space optical (FSO) communication is a promising technology that aims to solve the
problem of limited bandwidth in modern cellular communication systems. This work
investigates the FSO communication systems under varying atmospheric conditions using
direct, Mach-Zehnder interferometer (MZI), and coherent detection methods. A detailed
analysis evaluates their trade-offs in cost, complexity, and performance. Results indicate that
coherent detection achieves the highest link range with an optimal bit error rate (BER) across
all turbulence regimes, with maximum feasible ranges of 7.4 km, 6.6 km, and 6.5 km under
weak, moderate, and strong scintillation, respectively. Further, optimising local oscillator
(LO) power significantly improves system reliability under strong turbulence, enabling
robust communication. This study highlights the advantages of coherent detection for FSO
systems, particularly in strong scintillation regimes which provide better receiver sensitivity
and link range coverage.

1 Introduction

Compared to radio frequency (RF) communication, optical
communication improves performance due to a higher
frequency carrier wave which ensures faster modulation
rates. Free-space optical (FSO) communication transmits
visible or infrared light through the atmosphere, offering
high-bandwidth optical links [1,2]. In contrast, optical
fibre cable (OFC) networks using OFC cores as a
communication channel are becoming increasingly
widespread. FSO connections do not necessitate the
excavation or installation of any fibre infrastructure. The
high installation cost of OFC networks makes them
economically unfeasible.

Additionally, relocating fibre-based networks after
installation is challenging. FSO communication supports
5G internet access in remote areas due to its simpler
deployment and cost-effectiveness compared to optical
fibre. The FSO link extends fibre output to connect with
another base station [3], addressing the end-mile issue in
traditional optical fibre communication. Factors like
geometric loss, misalignment loss, pointing loss, scintillation

*Corresponding author at: prakashp mit@annauniv.edu

https://doi.org/10.24425/opelre.2025.154745

loss, and atmospheric loss degrade signal quality. FSO
system reliability is sensitive to varying channel conditions
(fog, rain, haze, snow) due to fading and dispersion, with
scintillation causing major signal strength fluctuations. To
enhance transmission, it is essential to study the channel
characteristics for various detection methods.

One such detection method is a direct detection method
which involves detecting the modulation of an optical
signal without the need for a local oscillator (LO) or
energy-consuming digital signal processing [4]. Intensity
modulation/direct detection (IM/DD) systems using an on-
off keying (OOK) modulation are limited in estimating
signal intensity in a scintillating environment where light
intensity fluctuations are rapid and random [5, 6]. To
improve the receiver sensitivity and suppress the channel
fading effect, a differential phase shift keying (DPSK) has
been considered. Higher-order DPSK modulation such as
differential quadrature phase shift keying (DQPSK), 8-
PSK, and 16-PSK provide a 3 dB improvement in the
receiver sensitivity to the OOK system and enhance the
spectral efficiency [7].

Wang et al. [8] demonstrated the statistical analysis of
a bit error rate (BER) performance in DPSK, which OOK
formats in moderate, as well as strong turbulent channels.
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Jaworski [9] presented a comparison of high-capacity
optical modulation formats for high-speed dense
wavelength division multiplexing (DWDM) transmission
systems, showing the superiority of a DQPSK modulation
over other formats, and the use of Manchester coding [10]
improved spectral efficiency. Based on the gamma-gamma
channel model, the BER expressions for three distinct
detection methods [homodyne detection, heterodyne
detection, and Mach-Zehnder interferometer (MZI)
detection] have been determined by Xie et al. [11]. Nasu et
al. [12] proposed a DQPSK demodulation technique using
an MZI-type planar light wave circuit (PLC), achieving
high-data rates with minimal error. DQPSK improves
spectral efficiency by encoding two bits of information
with four optical phase shifts [13].

Coherent detection and digital signal processing enable
high-speed, long-distance transmission, reaching up to
400 Gbps in commercial core-metro networks, data
centres, and access networks. Coherent optical QPSK
systems also support FSO communication, where QPSK
modulation offers a higher data rate than binary phase shift
keying (BPSK) [14—16]. In this work, the data transmission
rate for the FSO system is limited to 10 Gbps to optimise
the maximum feasible link range. Direct, MZI, and
coherent detection schemes are evaluated under varying
scintillation conditions, including weak, moderate, and
strong regimes. The proposed approach uses a coherent
detection scheme with an optimised LO power to mitigate
scintillation effects.

2 Methodology

Figure 1 presents a schematic representation of the funda-
mental FSO system which consists of three main
components: the transmitter section, the channel, and the
receiver section.
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* Snow
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Fig. 1. Basic block of the FSO system with losses in the channel.

Several new innovative techniques have been deployed
to improve the performance and capabilities of the receiver
section. Overall, these advancements in receiver technology
contribute to enhanced optical signal demodulation, in-
creased receiver sensitivity, and reduced power consumption.

2.1 Detection methods

This work examines direct, MZI, and coherent detection
methods which offer varying trade-offs in terms of cost,
complexity, and performance, and are widely used in FSO
systems.

DD is preferred for its simplicity and efficiency in
short-range communication, while MZI detection enhances
dispersion management for mid-range links. Coherent
detection offers superior sensitivity and is well-suited for

long-range communication under challenging conditions
like strong scintillation.

2.1.1  Direct detection (DD) method

A received optical signal is made to fall on a PIN diode,
which turns it into an electrical form. This detected signal
is filtered to reconstruct the original message. The BER for
anon-return-to-zero (NRZ) signal can be expressed as [17]:

JSNR
22 )

BERzéerfc[ (D)

where the signal-to-noise ratio (SNR) can be determined as
a function of the received optical power.

2.1.2  MZI detection method

DPSK receivers are usually based on interferometry, so a
higher-order modulation of DQPSK is configured in the
MZI detection method [18]. Figure2 shows a
demodulation of the DQPSK signal, where in-phase (I) and
quadrature (Q) signals are filtered in separate sections. The
I and Q signals of each section are detected using an MZI
with a 45°, —45° phase shift and two-time delay
components [19].
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Fig. 2. MZI detection method for a DQPSK signal.

2.1.3 Coherent detection method

Figure 3 provides a layout for the optical coherent detection
technique. A filtered optical signal and a 90° phase-shifted
LO are coupled and converted to electrical signals using a
balanced detection configuration. This setup removes
unnecessary noise and provides the I and Q channels to the
digital signal processing (DSP) unit [20].
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Fig. 3. Coherent detection method along with a DSP module.
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The received electrical signal has timing, phase, and
frequency errors which are repaired in the DSP module
shown in Fig. 4. At first, the shape of the signal has to be
corrected to remove band noise using a 3rd order Bessel
filter. Based on interpolation, re-sampling is carried out in
the second stage to improve the signal resolution. The
imbalance between the amplitude and phase of I and Q
channels may occur due to atmospheric effects [21] like
scattering and scintillation which can be minimised with
the help of the quadrature imbalance compensation stage.

The frequency offset in the received signal is due to an
angular mismatch between the filtered signal frequency and
the frequency from the LO. This shift in frequency causes
inter-carrier interference which can be corrected using
frequency offset estimation (FOE). To counteract deterio-
rating effects caused by laser sources, the carrier phase
estimation (CPE) technique is employed [22].

2.2 FSO channel modelling

The optical signal power received would degrade while
transmitted over a guideless FSO medium. As the wave-
length of optical signals is very small in the order of nm,
they tend to scatter, absorb, and refract due to atmospheric
particles. Thus, modelling an FSO channel is essential to
study the characteristics of the atmosphere. The optical
signal power is primarily affected by atmospheric
attenuation, geometric loss, and scintillation loss. The
optical power received by the FSO system may be
mathematically represented in (1) [23]:

2
R. — B (d;) R 107716/10’ (2)
(d,+6R)
where y is the atmospheric attenuation (dB/km), R is the
link range (km), d- and d, represent the receiver and
transmitter aperture diameter, and 6 is the beam divergence
(mrad).

2.2.1  Atmospheric loss

In the FSO system, diverse aspects degrade the optical
signal power, such as absorption, diffraction, scattering,
and reflection of particles in the atmosphere. Optical
wavelengths interact with heterogeneous particles like dust,
smog, and smoke, as well as weather conditions like fog,
rain, and snow, leading to attenuation or scattering (Mie or
Rayleigh). Fog is particularly significant as it causes
substantial signal loss by reducing visibility near the
ground. With respect to the visibility range, the loss
incurred due to a foggy climate can be calculated using the
Kruse’s empirical model, shown in (3):

391 4 )°
Lo —(71%) . (3)

where J is the particle size-coefficient, V'is the visibility in
km, and / represents the wavelength used in nm.

The authors use Kim’s model rather than Kruse’s model
to accurately predict the particle size which considers
visibility less than 1 km [24]. The particle size coefficient
varies with the visibility range predicted by Kim’s model
to anticipate the signal attenuation expressed as [25]:

1.6 V >50km
1.3 6km <V <50km
0=1:0.16V +0.34 lkm<V <6km . @)
V-0.5 0.5km<V <1lkm
0 V <0.5km

2.2.2 Geometric loss

Geometric loss can be a substantial challenge in the FSO
communication, especially for long-range links as it limits
the achievable link distances and data rates [26]. To
optimise the design and maximise the efficiency of the FSO
communication system, the transmitter, receiver aperture,
and beam divergence should be chosen to achieve the
maximum allowable link distance. Beam divergence loss
can be given as a ratio of the fraction of power received to
transmitted power [27] as per (5):

Py d?

Lgeom = P_t = (d¢+ROZ " (5)

2.2.3  Scintillation loss

According to the energy cascading theory, increasing wind
velocity in the atmosphere generates small, unstable,
turbulent eddies. Atmospheric turbulence and its effects
can be modelled mathematically by treating fluctuations in
parameters like temperature, pressure, and wind velocity as
stationary random and isotropic processes [28]. Scintil-
lation loss results from rapid variations in the refractive
index (n) caused by stochastic changes in temperature and
pressure during signal propagation. The change in refractive
index with distance (z) is related to temperature and pressure,
represented in (6):

- PE) 0
n(z)—l+79[T(Z)]><10 , (6)

where P(z) and 7(z) represent the atmospheric pressure in
mbar and temperature of the atmosphere in kelvin, respec-
tively. Refractive index structure constant C. could be
simply expressed in terms of temperature index constant

C? in (7):
c: :[79[13(2)}10“} c’. (7)
T

(2)

Due to irradiance fluctuations caused by the change in
refractive index, the scintillation effect degrades the SNR
and masks the signal. This scintillation loss can be given
for the system in (8):

L, =223.17CK"°R"". ®

As the fluctuations are considered a random process,
they can be mathematically modelled by determining the
probability density function (PDF) of the received optical
intensity (/). In a recent study, there are several models out
of which gamma-gamma distribution is applicable for all
regimes (like weak, moderate, and strong). In order to
establish the PDF of optical intensity, the gamma-gamma
model incorporates the effects of both large-scale eddies
which cause refraction and small-scale eddies which cause
scattering. The distribution function for the gamma-gamma
model can be expressed in (9):
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Here o and f represent the intensity fluctuations of large-
and small-scale eddies caused by the scattering process, of
order n and /7-) represent the gamma function, K,(-) the
modified Bessel function of the 2nd order of (a—p)
[29, 30].

If it is assumed that the optical radiation at the receiver
follows a plane wave model, the two parameters a and
describing the probability density function of irradiance
fluctuations are given in (10) and (11):

r -1
0.490>
a=|exp ﬁ -1, (10)
(1+1.11677)
- -1
0.51c;
L =|exp e | s (11)
(1+0.695;°)

where o}, =1.23C2k""°R""® shows the Rytov variance, which
k=2n/A is the propagation constant and R is the link range.

3 System model

In this work, a terrestrial link between two multi-story
buildings is considered, establishing an FSO link in a low-
visibility environment (960 m). The transmitter section of
the system consists of a continuous 1550 nm laser source
and a stream of pseudorandom input sequence generated at
a data rate of 10 Gbps.

The optical signal travels the FSO link with the modelled
features and is detected by photodetectors in the receiver
section. The overall simulation has been carried out using
OptiSystem software with simulation parameters provided
in Table 1. Channel parameters for weak, moderate, and
strong scintillation regimes have been displayed in Table 2.

4 Results and discussions

In this section, the FSO system performance has been
evaluated with diverse scintillation effects. The optimi-
sation of the achievable link range for each scintillation
regime (weak, moderate, and strong) would be determined
by the log(BER), which must not exceed an optimal BER
limit of 5.6 - 1073

4.1  Direct detection (DD) scheme

With the DD scheme, the maximum possible range of the
communication established by an FSO system in a weak
regime is 4 km where the optimal BER of 5.6 - 1073 can be
reached at a received optical power of —23.35 dBm. As for
moderate and strong turbulence regimes, the link range
would reach 1.1 km and 90 m, respectively, as atmospheric
turbulence would hinder the optical signal.

Figure 5 shows the link range (km) vs. log(BER) for the
DD scheme. Table 3 represents the performance metrics for
the DD scheme with various scintillation regimes. From
Table 3, it can be deduced that the strong regime requires
huge optical power to detect the deformed signal. As the
refractive index structure changes from low to high, the

link range decreases and the receiver sensitivity is
compromised. Equation (1) indicates that a reduction in
SNR leads to the BER degradation.

4.2 MZI detection scheme

For the optimal BER, the link range has been recorded
as 3.4 km (weak scintillation), 2.25 km (moderate scintilla-
tion), and 200 m (strong scintillation). The BER plot
against link range (km) for MZI detection has been plotted
in Fig. 6.

Table 4 denotes the performance metrics for the MZI
detection scheme with various scintillation regimes. While
the MZI scheme demonstrates the improved SNR compared
to DD, its practical deployment is constrained by increased
system complexity and sensitivity to alignment errors,
particularly in high-turbulence environments.

Table 1.
Simulation parameters [31, 32]
Parameter Values
Bit rate 10 Gbps
Sequence length 216—1=65535
Wavelength used 1550 nm
Transmitted power 2 dBm
Linewidth of laser 0.1 MHz
Fog attenuation 2.5 dB/km
Transmitter aperture diameter Scm
Receiver aperture diameter 20 cm
Responsivity 1 A/W
PIN photodetector Dark current 10 nA
Gain 3

Table 2.
Channel parameters [33].

Scintillation regimes  Refractive index structure (C’)

Weak 5-1078 m%/3
Moderate 5-10 8 m™/3
Strong 5-10 8 m%/s
Table 3.
Performance metrics for DD scheme with various scintillation
regimes
Link range Received SNR  log
(km) power (dBm) (dB) (BER)
Weak scintillation 4 —23.35 1741 -4.15
Moderate scintillation 1.1 —5.033 15.84 —4.20
Strong scintillation 0.09 17.31 15.80 —4.12
Table 4.

Performance metrics for MZI detection scheme with various
scintillation regimes

Link range Received SNR  log

(km) power (dBm) (dB) (BER)
Weak scintillation 34 -21.73 38.70 —4.23
Moderate scintillation ~ 2.25 —15.31 15.83 —4.24
Strong scintillation 0.2 9.90 1527 —4.16




Sowmyaa Vathsan M S, Prakash P, Kasthuri P, Sasithradevi A /Opto-Electronics Review 33 (2025) el 54745

2
—e— Strong Scintillation ©- - Moderate Scintillation o Weak Scintillatio?
o
-4 Optimal BER Optimal BER 2’ - Optimal BER
2" ’ 9
y-4 H
ﬁ( f
-6 .
/ $
@ i
14 /
g sl 2
o 7
E
¢ 9
-0 p
i
2k s
14 1 1 1 1 1 1 1 1 1 1 1 1 1 |
0 0.05 0.1 0.15 0.2 0.4 0.6 0.8 1 1.2 2 2.5 3 3.5 4 4.5 5
Link range (km)
Fig. 5. Log(BER) vs. link range (km) under the DD scheme.
4k
Optimal BER Optimal BER Optimal BER
5k
6
'a
w
m
o
o
7k
8k
9k
I I I L I I I 1 1 I I 1 I 1
0.1 0.12 0.14 0.16 0.18 0.2 1 1.5 2 25 29 3 3.1 3.2 33 34 35

Link range (km)

Fig. 6. Log(BER) vs. link range (km) under the MZI detection scheme.

4.3 Coherent detection scheme

4.3.1  Optimising maximum link range for FSO system

A coherent detection scheme has been carried out and the
maximum feasible link range has been determined as
7.4 km, 6.6 km, and 6.5 km for weak, moderate, and strong
turbulence regimes, respectively, as shown in Fig. 7.

In order to achieve a BER of 5.6 - 10~° which is the
optimal BER limit, the received optical power level must
be —40.37 dBm for weak scintillation, —38.8 dBm for
moderate scintillation and -36.54 dBm for strong
scintillation. The performance metrics for a coherent
detection scheme with various scintillation regimes have
been tabulated in Table 5.
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Table S.
Performance metrics for coherent detection scheme with various
scintillation regimes.

Link range Received SNR log

(km) power (dBm) (dB) (BER)
Weak scintillation 7.4 —40.37 17.33 4.2
Moderate scintillation 6.6 —38.08 10.50 —4.2
Strong scintillation 6.5 -36.54 10.03 4.2

The scheme incorporates a correction mechanism for
the phase difference in the received signal, mitigating
scintillation effects. This minimises the required received
optical power to achieve the optimal BER. In case of
substantial substorms or dusty wind climates, the optical
free-space link range is limited because of the scintillation
effect. Scintillation reduces the SNR, compromising
receiver sensitivity. However, due to DSP capabilities,
coherent detection partially corrects signal distortions.
Thus, deploying a coherent detection scheme for such harsh
weather conditions is recommended as it would minimise

scintillation effect and effectively enhance the link range.
4.3.2  Optimising LO power

In the FSO system, diverse aspects degrade the optical
signal power, such as absorption and diffraction. Figure 8

log BER

. \ L \ L
-1 [ 1 2 3 4 5
LO power (dBm)

Fig. 8. Log(BER) vs. LO power for diverse scintillation effects.

illustrates the log(BER) against the LO power (dBm) for
three different scintillation regimes.

Under weak scintillation conditions, the BER is
significantly lower and reaches below the forward error
correction (FEC) limit with a relatively low LO power
(~2 dBm). For moderate and strong scintillation regimes,
higher LO power (3—5dBm) is required to achieve a
similar BER performance. The results emphasize the
importance of LO power in mitigating scintillation effects
and enhancing the receiver sensitivity.

The optimisation of LO power in coherent detection
systems plays a crucial role in maintaining reliable
communication under varying scintillation conditions,
particularly in strong turbulence. The results indicate that
higher LO power effectively mitigates scintillation-induced
distortions over longer distances. Table 6 summarises the
comprehensive analysis of the existing works with the
proposed scheme in terms of laser power (dBm), data rate
(Gbps), and maximum possible link range (km). Notably,
the proposed work uses less transmitted laser power to
achieve a longer distance than other existing works.

DD is the most cost-efficient and least complex option,
making it suitable for weak scintillation regimes. However,
its performance is limited in challenging conditions. MZI
detection, while offering a moderate performance, is more
complex to implement and is better suited for moderate
scintillation regimes.

Table 6.
Performance comparison of the proposed systems with reported works.
Ref. Methods Data rate Laser Weather conditions Detection Maximum
(Gbps) power schemes link range
(dBm) (km)
Dual polarized QPSK modulation . S
[33] with spatial diversity in FSO system 10 4 Light fog + No scintillation Coherent 1.3
[34] SS-WDM-NRZ-based FSO link 1.56 25 Light fog + No scintillation Direct 3.8
[35] WDM-FSO link with DPSK scheme 10 10 Light fog + Weak scintillation MZI 3
[36] 4-QAM-based OFDM-Ro-FSO link 10 16 Light fog + No scintillation Coherent 2.2
10 2 Light fog + Weak scintillation Direct 4
Proposed OOK, DQPSK, and QPSK . T
work modulation with scintillation effects 10 Light fog + Weak scintillation MzI 34
10 Light fog + Weak scintillation =~ Coherent 7.4
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Coherent detection provides the best performance,
especially in strong scintillation environments. Despite its
advantages, coherent detection has practical limitations
including the need for highly stable LOs, complex
synchronization mechanisms, and precise alignment
requirements which can increase the overall system cost.
Since a highly stable LO source may reduce feasibility in
low-cost applications, optimising laser power is essential.
Each detection scheme has its strengths and is best suited
for specific atmospheric conditions and performance
requirements.

5 Conclusions

The performance of a 10 Gbps FSO transmission link using
DD, MZI detection, and coherent detection schemes has
been evaluated. DD and MZI detection schemes offer
reasonable alternatives in less challenging atmospheric
conditions, with DD being cost-efficient and less-complex
and MZI detection providing moderate performance in
moderate scintillation environments. Coherent detection
achieves maximum feasible ranges of 7.4 km, 6.6 km, and
6.5 km under weak, moderate, and strong scintillation,
respectively, and is significantly enhanced by optimising
LO power, improving system reliability under strong
turbulence. A reliable FSO communication link could be
established using a coherent detection with optimised LO
power as a practical solution for extending FSO communi-
cation reliability in real-world applications, such as 5G
backhaul networks, satellite-to-ground links, and high-
speed optical data relays. Future work explores the
integration of adaptive optics and advanced modulation
formats to further mitigate the scintillation effects and
enhance link performance in next-generation optical
communication systems.
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