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Abstract

Free-space optical (FSO) communication is an attractive high-capacity wireless technology
for terrestrial, aerial, and satellite links. However, FSO performance is strongly affected by
multiple impairments, including path loss, turbulence attenuation, pointing errors, and
equipment loss. Therefore, accurate performance evaluation requires channel modelling
that accounts for both deterministic power losses and stochastic channel effects. This
paper presents a comprehensive and structured review of FSO channel modelling, covering
the transmission, propagation medium, and receiver sections. The composite channel
response is represented using a mathematical formulation. Commonly used FSO models
are reviewed and organised, including Beer-Lambert and geometrical loss, Kim and Kruse
path loss models, Lognormal, Gamma—-Gamma, K, and Mdlaga distributions, along with
pointing-error and angle-of-arrival models. Each model is explained in terms of its physical
meaning, assumptions, and applicable operating conditions. Lastly, a numerical example is
presented to demonstrate how deterministic losses and stochastic channel effects can be
combined in FSO performance evaluation.

Keywords: optical wireless communications; free-space optical communication; path loss;
atmospheric turbulence; pointing errors; wireless channel

1. Introduction

Modern communication technologies, including beyond-5G, artificial intelligence,
and the Internet of Things, require communication systems that support high data rates,
strong security, and low latency. FSO communication transmits optical waves through free
space without optical fibres and is a viable solution to meet these requirements. FSO can
be deployed across a wide range of space—air-ground and non-terrestrial communication
networks. Such links can be integrated with multiple platforms, including unmanned
aerial vehicles (UAVs), high-altitude platforms, airships, and satellites [1]. However, FSO
systems have important limitations, particularly the strict requirement for line-of-sight
(LoS) links. The FSO performance also degrades severely under adverse atmospheric
and alignment conditions [2,3]. Fog, smoke, and haze mainly impair the optical beam
through absorption and scattering, which reduce the received signal power. By contrast,
atmospheric turbulence is caused by random fluctuations in the refractive index of air
and mainly introduces wavefront distortion, scintillation, beam wander, and irradiance
fluctuations, which can significantly degrade detection performance and link reliability [4,5].
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In addition, pointing error (PE) caused by misalignment and jitter between the transmitter
and receiver can further reduce the collected optical power.

To analyse and predict FSO system performance under such conditions, a wide range
of channel models has been developed and formulated mathematically. These models
are characterised by physical mechanisms that affect the propagation of optical waves.
In general, FSO models can be classified into two categories: deterministic and stochastic.
Deterministic models describe the channel using fixed physical parameters under the as-
sumption of a structured and predictable environment. Examples include the Beer-Lambert
law, which characterises optical beam absorption, and the geometrical path loss (PL) model,
which accounts for beam spreading. On the other hand, stochastic models describe random
channel variations caused by environmental uncertainty. These models are commonly
analysed using statistical probability density functions (PDFs) and Monte Carlo simulations.
Statistical PDF-based models are widely used to characterise irradiance fluctuations in
FSO systems, particularly in outdoor environments. The statistical PDF-based turbulence
attenuation (TA) models include the Lognormal, Gamma—-Gamma (GG), K, and Mélaga
distributions (M), each of which is suitable under different turbulence conditions. Moreover,
PE models are used to characterise random misalignment between the transmitted beam
and the receiver aperture, which may arise from platform vibration, tracking inaccuracy,
beam wander, or building sway. Common PE models include the geometric spread, Hoyt,
Rician, and Beckmann models.

Although several review and survey papers have discussed FSO propagation im-
pairments and channel models, most of them primarily catalogue individual models or
compare them within separate impairment categories. The main distinction of this review
is its unified modelling and interpretation perspective. Rather than treating path loss,
turbulence attenuation, pointing error, and equipment-related losses as isolated topics,
this paper explains how these deterministic and stochastic impairments can be systemati-
cally organised and combined into an end-to-end FSO channel response from transmitter
to receiver.

1.1. Contributions

This paper focuses on the theoretical and modelling aspects of FSO communication
systems. The main contributions of this paper are summarised as follows:

¢ A unified modelling and interpretation framework for the FSO channel response is pre-
sented, combining channel impairments into deterministic and stochastic components
from transmitter to receiver.

¢ Commonly used FSO channel models are reviewed and interpreted in terms of their
physical meaning, mathematical assumptions, and applicable operating conditions.

* A comparison of turbulence attenuation models is provided to support appropriate
model selection for different environments.

¢ A numerical example is presented to show how the reviewed models can be combined
in a practical FSO performance evaluation.

1.2. Paper Organisation

The remainder of this paper is organised as follows. Section 2 reviews related survey
and modelling work on FSO channel models. Section 3 presents an overview of FSO channel
models and introduces the channel response. Section 4 discusses PL and absorption models.
Section 5 reviews TA models based on statistical PDFs. Section 6 presents pointing error
(PE) and angle-of-arrival (AoA) models. Section 7 discusses equipment loss. Section 8
provides a performance analysis. A discussion section is presented in Section 9. Finally,
Section 10 concludes the paper.

https://doi.org/10.3390 / photonics13050425


https://doi.org/10.3390/photonics13050425

Photonics 2026, 13, 425

3 0f 35

2. Related Work

Several studies have reviewed and compared FSO channel models. For exam-
ple, Ref. [6] provides a comparative analysis of PDF turbulence models using the Kull-
back-Leibler Divergence method, while Ref. [7,8] review atmospheric absorption, TA,
and PE models. Meanwhile, Ref. [9] classifies TA models by their advantages. In addi-
tion, Ref. [10] surveys the FSO keywords, challenges and mathematical models across the
existing literature.

Although existing survey papers have reviewed and compared FSO channel models,
most of them focus primarily on cataloguing available models rather than explaining their
physical roles within a unified channel framework. In particular, prior reviews often treat
path loss, turbulence attenuation, and pointing error as separate topics, while providing
limited guidance on how to interpret, select, and combine these components in system-
level performance evaluation. To address this gap, this paper organises FSO channel
models according to their physical meaning, modelling role, deterministic loss contribution,
and stochastic fading behaviour. It also presents a composite statistical formulation of the
FSO channel. This perspective helps clarify not only the mathematical structure of different
models, but also the assumptions behind them, their appropriate operating conditions,
and the situations in which they may become less accurate or less informative.

3. System Overview of Channel Models and Responses

FSO systems operate within the optical spectrum. Practical communication links
commonly use wavelengths of 850, 1300, and 1550 nm [11]. As the optical wave propagates
through the channel towards the receiving aperture, it experiences both deterministic and
random impairments arising from PL, TA, and PE. These impairments can degrade the
received power, signal quality, and reliability. Therefore, several channel models must
be incorporated to evaluate FSO performance under different channel and operational
conditions. Accordingly, the overall FSO channel response, &, adapted from [12], can be
expressed as

h=hyhahyhe (1)

where h; represents the PL. component, /1, denotes the TA model, h, accounts for PE, and h,
models the equipment-related losses.

Figure 1 presents the unified end-to-end interpretation of the FSO channel considered
in this review. Before reaching the receiver aperture, the transmitted optical signal is af-
fected by deterministic impairments, namely equipment loss and PL, as well as stochastic
impairments, including TA and PE. Equipment loss originates from the transceiver hard-
ware, whereas the free-space channel introduces PL and TA, while PE results from imperfect
alignment between the transmitter and receiver. This conceptual structure motivates the
composite channel formulation adopted in this paper, which represents these effects within
a single framework for system performance evaluation. Rather than introducing a new
PL, TA, or PE model, this framework provides a structured way to interpret and combine
published channel impairments consistently in FSO performance analysis.

The PL models (/;) depend primarily on the propagation distance, which is often the
dominant factor under typical conditions. For example, the geometrical PL, Mie scattering,
and Kim and Kruse models are distance-related. These models are often used in FSO link
budget analysis to determine the link margin, which represents the minimum received
power required for reliable operation.

The TA models (/) are important for evaluating FSO performance. TA causes random
fluctuations in the received irradiance, significantly affecting link quality. A common
example is the mirage observed above a hot asphalt road surface, where temperature
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variations in the air create refractive index fluctuations that distort the optical wave. Several
mathematical models have been widely adopted for outdoor conditions [10], such as GG
and M models.

Input (o]

0110 —’C]:I. Free Space uj—b 0110
1001 i i 1001
1010 1010

3 3
Th 22 |

—_—

———f— §Az

Equipment loss Path loss Turbulence Pointing error

Total loss

Figure 1. Conceptual diagram of the end-to-end FSO link.

The PE models (h;) are also crucial in FSO performance analysis because of the strict
LoS requirement. PE arises from building sway, platform movement, mechanical vibra-
tions, or imperfect beam alignment. These effects can be modelled using Rayleigh, Hoyt,
Rician, and Beckmann distributions [13,14]. PE can be modelled either as a deterministic
pointing loss with a fixed margin or a random pointing loss characterised by a PDEF, de-
pending on the model. In addition, AoA fluctuations are another form of pointing-related
fluctuation, particularly relevant to UAVs and satellite communication links. AoA fluc-
tuations generally occur when the angle of arrival surpasses the receiver’s field-of-view
limit [15]. Although PE can significantly degrade FSO system performance due to ran-
dom pointing losses, this effect can be mitigated by well-designed pointing, acquisition,
and tracking (PAT) systems. Meanwhile, adaptive optics can compensate for PE impair-
ment and turbulence-induced distortion by using a wavefront sensor, control processor,
and deformable mirror to reduce distortions [16]. Through such sophisticated engineering
solutions, the combination of PAT and AO can improve link availability under severe
turbulence, while maintaining alignment and meeting the LoS requirement.

The system loss model (k) represents the losses in the transceiver, such as laser
coupling loss, photodiode responsivity, and thermal noise. Unlike the other losses, system
losses arise from hardware components. To address these losses, various techniques, such
as system gain optimisation and proper design, have been developed. Other optical power
reductions, such as optical background noise, may also be incorporated into this term.

Figure 2 shows the degradation of optical power in an FSO link. In stages I and V,
the signal experiences power loss due to hardware components. As the optical signal
propagates through free space in stages II and III, additional loss occurs due to PL and TA.
However, in stage III, the TA model cannot be directly mapped onto a fixed attenuation
value. Instead, it is usually expressed as an outage probability because the received signal
fluctuates randomly under varying atmospheric conditions. Therefore, the grey area at
stage III represents the range of possible optical power levels caused by these random
fluctuations while still maintaining the overall concept of power degradation. At the
receiver in stage IV, further degradation may occur from PE impairment. The grey area
at stage IV represents the received optical power affected by misalignment. However,
this effect may be mitigated in practice through modern engineering solutions rather
than being fully neglected. To sum up, the received optical power is determined by the
cumulative effects of equipment loss, path loss, turbulence attenuation, and pointing error,
where deterministic losses appear as fixed reductions and stochastic impairments appear
as ranges of possible power levels.
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Figure 2. FSO power level versus propagation stage.

It should be noted that ; and h, are deterministic scaling factors related to fixed power
losses (h;, h, € R™), whereas h, and h, are random channel variables characterised by
PDFs. Consequently, the overall channel response combines deterministic link margin
effects with stochastic fading processes. Since h, originates from refractive index fluctua-
tions, while /1, is related to beam misalignment caused by jitter and boresight displacement,
the two effects are assumed to be statistically independent in order to obtain a tractable
composite channel model. Under this assumption, the average received optical power can
be expressed as

Elp;] = pr (luhe) (B[ha] E[hp]) 2)

where p; is the received optical power, p; is the transmitted optical power, and E[x] is the
statistical expectation operator. This equation shows that the deterministic losses &; and h,
directly scale the mean received power, whereas the stochastic effects of TA and PE affect it
through their statistical averages.

The composite PDF can be derived by first writing the overall channel response (k)
conditioned on the turbulence state (%), and then averaging this conditional distribution
over all possible turbulence states through the turbulence PDF. The composite PDF of the
atmospheric optical channel for the overall channel response &, including both TA and PE
effects, is given by [17]:

) = [ Fupf (o)l )

where fy,, (1 | hq) is the conditional PDF of h given h,, and fj,(h,) is the turbulence
attenuation PDF. Although this equation does not explicitly show the PE term h,,, this term
is already included in the overall channel response in Equation (1). When the channel
response is conditioned on the turbulence state h,;, and /; and k. are treated as deterministic
constants, the remaining random contribution is represented by h,. Therefore, the condi-
tional PDF is obtained by a simple change of variable from the PE PDF f, (x), which result

in
1 h
fhlhg(h | hﬂ) - hl hll he fhp(hl ha hg) (4)
Substituting Equation (4) into Equation (3), the unconditional composite PDF becomes
fu) = [ i g ) i) dhe, B0 ®)
h - 0 hl hu he hp hl ha he ha a ar -
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This equation separates the deterministic link-margin factors (#; and /,) from the stochastic
components (/, and h,), enabling any combination of TA and PE models to be substituted
into Equation (5) for system performance evaluation.

4. Path Loss Models

As the transmitted FSO signal propagates through the medium toward the receiving
aperture, it encounters numerous environmental particles, including dust, ash, soil, smoke,
soot, and chemical aerosols. These particulates scatter and absorb optical energy, gradually
reducing signal intensity along the propagation path. The received optical power, known
as irradiance, can be described using PL models.

4.1. Beer—Lambert’s Law

The Beer-Lambert law provides a simple model for specifying the attenuation or
absorption coefficient (€) of the medium, which quantifies the rate of attenuation per unit
propagation distance. It is expressed as

h = % = exp(—eL) (6)

where I is the received irradiance (W /m~2), Iy is the transmitted irradiance (W /m—2),
and L is the optical path length through the medium in meters. This model forms the
fundamental basis for PL estimation in FSO systems.

4.2. Geometrical Path Loss

As the beam propagates, it spreads out, causing a reduction in its intensity [18].
Figure 3 shows the geometrical spreading of an optical beam in free space. At the Rayleigh
range, the beam diameter becomes V2Dy, meaning that the beam area has doubled and the
wavefront radius of curvature reaches its minimum. The geometrical path loss depends on
the propagation distance (L) in meters, the transmitter aperture diameter (D;) in meters,
the receiver aperture (D;) in meters, and the beam divergence angle (). As 6 increases,
the beam spreads more, which leads to greater geometrical path loss. In an ideal case, 6
approaches zero, so the geometrical path loss becomes very small.

Minimum wavefront
radius of curvature

Planar
wavefront

2
D, vz,

Figure 3. Geometrical spreading of a Gaussian optical beam in free space [18].
The geometrical PL model is determined by the following equation [19]:

2
= —2r %
(Dt + L@)

https://doi.org/10.3390 / photonics13050425


https://doi.org/10.3390/photonics13050425

Photonics 2026, 13, 425

7 of 35

()
A2
and A is the wavelength (nm). According to the geometric PL model (Equation (7)), as the

where 6 = ,/é—(; is the beam divergence (mrad), G; =

is the transmitter gain,
link distance increases, the beam spreads further, resulting in a reduction in the received
optical intensity.

Figure 4 shows the geometric PL for optical beams at wavelengths of 850, 1300,
and 1550 nm with D, = D; = 10 cm over different propagation distances. The 1550 nm
beam remains above the 1300 nm and 850 nm beams across all distances. This occurs
because beam divergence increases with wavelength. A longer wavelength produces a
wider beam spread. Therefore, based on the geometrical PL model, lower wavelengths
experience less geometric spreading loss than higher wavelengths.

o

L E—
——3850 nm
1300 nm

Optical Intensity Loss (dB/km)

Propagation Distance (km)

Figure 4. Geometrical path loss versus propagation distance at 850, 1300, and 1550 nm.

4.3. Kim and Kruse Models

The Kim and Kruse models are based on visibility range information. These models
are developed from Mie scattering theory but require only visibility and optical wavelength
parameters. The Kim and Kruse PL models can be expressed as [20]

3912/ A\ 7
‘C'_V<550> ®)

where V is the visibility range (km), A is the optical wavelength (nm), and p is the scattering
size distribution coefficient associated with the Kim and Kruse models. The wavelength of
550 nm is commonly used as a reference point in the visible spectrum. According to the
Kim model, p is given by

1.6, V > 50,
1.3, 6 <V <50,
p=4016V+4+034, 1<V <6, )
V—-05, 05<V <1,
0, V <0.5.

According to the Kruse model, p is defined as

1.6, V > 50,
p=1<13, 6 <V <50, (10)
0.585V1/3, v <.

However, when visibility is less than 0.5 km, the Kim model yields p = 0, indicating that
the attenuation becomes independent of the FSO wavelength. This represents a limitation
of the Kim model. Consequently, several alternative fog attenuation models have been
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proposed for low visibility regimes, such as the FASCOD model [21], the general fog
model [22], and the RMSE model [23]. Figure 5 shows the fog attenuation models for
different PL models under foggy conditions at wavelengths of 850 and 1550 nm.

 — —
——Kim's model

T T
——Kim's model

——Kruse's model ——Kruse's model
— — FASCOD_ADV — — FASCOD_ADV
-------- FASCOD_RAD [ v FASCOD_RAD |

General model General model

Optical Intensity Loss (dB/Km)
Optical Intensity Loss (dB/Km)

*an,
e,
ey
e,
S

10.5 1‘ 1‘.5 é 2.5 I; 3.‘5 4 . . 2.‘5 3 3.5 4
Visibility (km) Visibility (km)

(a) (b)

Figure 5. Optical intensity loss versus visibility range for five path loss models at (a) 850 nm and
(b) 1550 nm.

Figure 5 shows optical intensity loss versus visibility range for several PL models.
As visibility decreases, the attenuation increases. In addition, at 1550 nm, the optical
loss is lower than at 850 nm for all PL models. Therefore, visibility range is an important
parameter for FSO performance analysis. Since visibility is mainly determined by atmo-
spheric conditions, it decreases as fog density increases. An international visibility code
has also been established in [24] to classify various weather-related conditions. Based on
this concept, Table 1 presents the visibility ranges for various atmospheric conditions.

Table 1. Visibility range values corresponding to atmospheric conditions.

Atmospheric Condition Visibility Range (km) Loss (dB/km)
Thick fog 0.2 =75
Moderate fog 0.5 —28.9
Light fog/storm (100 mm/h) 0.77to 1 —18.3
Thin fog/heavy rain (25 mm/h) 1to2 —13.8to —6.9
Haze/medium rain (12.5 mm/h) 2to4 —6.6to —3.1
Light mist/light rain (2.5 mm/h) 59to 10 —2to —1.1
Clear/drizzle (0.25 mm/h) 18 to 20 —0.6 to —0.54
Very clear 20 to 50 —0.54to —0.19

According to Table 1, rain generally causes lower attenuation than fog because fog
reduces visibility more severely than rain. Snow can also cause optical attenuation, with val-
ues ranging from 3 to 30 dB/km [25].

FSO PL models are useful for predicting optical intensity loss under different weather
conditions. Although many models have been developed, the Kim and Kruse models
remain common visibility-based PL models for representing fixed path loss. This is because
the Kim and Kruse models primarily depend on the visibility range variable, unlike other
models that rely on approximate values under specific conditions.

In this section, PL models are discussed to describe deterministic optical power re-
duction mechanisms in FSO systems, including the Beer-Lambert law, the geometrical
PL model, and the Kim and Kruse models. The Beer-Lambert law characterises the expo-
nential loss caused by absorption in the propagation medium. The geometrical PL model
accounts for beam divergence, showing that the optical beam spreads with distance, beam
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divergence, and wavelength. Meanwhile, the Kim and Kruse models relate the optical
power loss to visibility range and wavelength under various weather conditions. The
Beer—Lambert law is widely adopted in FSO PL model research because of its simple
form, which approximately represents PL parameters and weather conditions through a
single attenuation parameter (). However, the combination of the geometrical PL, Kim,
and Kruse models is often used because they provide a more detailed description of beam
spreading and weather-related path loss in FSO performance analysis.

5. Turbulence Attenuation Models

Optical signals propagate through atmospheric channels under atmospheric conditions
that exhibit different levels of turbulence. To understand the behaviour of optical signals,
statistical channel models in the form of PDFs have been proposed.

In terrestrial FSO communication, random fluctuations in the atmospheric refractive
index caused by variations in temperature and pressure distort the optical wavefront and
lead to random fluctuations in the received irradiance. This effect is called scintillation.
The scintillation index ¢? is typically in the range [0 — 1]. The scintillation level can be
evaluated directly from the received FSO signal. The scintillation value (¢?) in the range
[0,1] can be expressed as [26]

o, _ (=) _ () _
=T T v
where I = |E|? is the received optical intensity and (x) denotes the ensemble average.

There are three categories of scintillation: weak, moderate, and strong, which correspond
to different turbulence levels. Strong scintillation is generally considered when ¢? > 0.6,
moderate scintillation when 0.3 < (712 < 0.6, and weak scintillation when (712 <0.3.

The scintillation index (SI) is another measure of TA. It is defined as the normalized
difference between the peak and dip values of the received FSO signal power. In practice,
the SI is often manually scaled over 15 min intervals by measuring the received optical
intensity [27]. The SI can be expressed as

Pmax - Pm'm
Sl=—"F——, 12
Pmax+Pmin ( )

where Py is the third-largest peak power value (dB) and Py is the third-deepest dip
power value (dB) of the received signal. For digital signals, the S4 index is commonly
used to determine the normalized root-mean-square fluctuation of the received signal
intensity [28]. The S4 index can be written as [29]

2\ _ 2 2

The S4 index usually ranges from 0 (no scintillation) to 1 (strong scintillation). The index

can also be classified into weak, moderate, and strong regimes, similar to the scintillation
index (712.

However, the average of the received optical intensity [ is difficult to measure di-
rectly. Therefore, researchers often use the Rytov approximation variance as a theoretical
turbulence strength, which is related to the fluctuation of the refractive index (C2).

The C2 usually ranges from 10717 to 10712 m~2/3 [30]. Larger values of C2 indicate
stronger turbulence, leading to increased turbulence-induced fading and potential visual
blurring, such as the shimmering effect observed when gazing across a sun-heated asphalt
road. By contrast, small C2 values cause only mild shimmering rather than severe blurring.

https://doi.org/10.3390 / photonics13050425


https://doi.org/10.3390/photonics13050425

Photonics 2026, 13, 425

10 of 35

Values of C2 between 10712 to 10713 m~2/3 are considered to correspond to moderate

turbulence, whereas values greater than 10712 m~2/3

indicate strong turbulence. These
values are therefore useful for assessing TA in FSO systems. The C2 index depends on
altitude, location, and time. As altitude increases, the C2 index generally decreases and
becomes significantly smaller above approximately 10 km altitude. The turbulence strength
is typically greatest within the first 1-2 km above the ground. According to this model,

the C2 index can be expressed as [18]

Daytime:
1.70 x 10714, 0<h<185m,
313 x 107187099836 185 < hh < 243 m,
C2(h) = £ 1.30 x 10715, 243 < h < 880 m, (14)
8.87 x 1077 h~3, 880 < h < 7216 m,
2.00 x 10716 =05, 7216 < h < 20000 m.
Nighttime:

8.40 x 10715, 0<h<185m,

287 x10712p72, 185 < h < 107 m,

C2(h) = { 2.50 x 1016, 107 < h < 1525 m, (15)
887 x1077h=3, 1525 < h < 7216m,

2.00 x 10716405 7216 < h < 20000 m.

However, the C2 index also depends on other factors such as geographic location, tempera-
ture, and atmospheric pressure. Therefore, relying solely on a parametric C2 model may
not be suitable for all situations. In practice, scintillometers, which measure fluctuations in
atmospheric temperature, humidity, pressure, and altitude, can provide more reliable data
for estimating C2 [31,32].

Returning to the Rytov variance, the C2 index can be used to describe the TA through
Rytov variance (03), given by

o3 = HC2K7/6 L1176, (16)

where k is the optical wavenumber (27” ) , L is the link distance in meters, and H is equal to
1.23 and 0.496 for plane waves (flat wavefronts) and spherical waves (curved wavefronts),
respectively. The Rytov variance 0% is commonly used to categorise turbulence-induced
attenuation as weak (012{ < 1), moderate (01% ~ 1), strong (UI% > 1), and saturated turbulence
(UI% — 00) [33]. However, for very strong turbulence (0’1% > 1), the Rytov variance can be

approximated as
4/5
ck=1+H(R) , A>1 (17)

where H is equal to 0.86 and 2.73 under strong turbulence approximation for plane and
spherical waves, respectively.

Figure 6 shows the Rytov variance as a function of propagation distance for three
different TA levels defined by the C2 index. As the optical wave propagates through a
longer free space path, turbulence effects accumulate. Moreover, larger C2 values cor-
respond to stronger atmospheric turbulence, which leads to more severe fluctuations in
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the received optical signal. The Rytov variance is an important parameter used in many
turbulence models, including in LN, GG, K, NE, I-K, Nakagami-m, Weibull, and Rayleigh
TA models [34].

0.05
—C2=1x10"
004 |——Ci=5x10"
N ' C2=1x10"
o)
2 0.03f
o
S
>
2 002}
o
2
>
nd
0.01+

200 400 600 800 1000 1200 1400 1600 1800 2000
Propagation Distance (m)

Figure 6. Rytov variance with different refractive index structure constant.

5.1. Additive White Gaussian Noise

AWGN is a fundamental model used to represent receiver noise. Although it is
often included in FSO performance analysis, it is not a turbulence attenuation model.
In practical FSO receivers, additive noise arises from sources such as thermal noise, shot
noise, and background radiation. Accordingly, in an AWGN channel, the received signal
y(t) is the sum of the input waveform x(t) and a white Gaussian noise term n(t), which
can be expressed as [35]

y(t) = x(t) +n(t). (18)

For FSO systems, the received signal y(t) is commonly given by [36]
y(t) = 1 xpso(t) +n(t), (19)

where y(t) is the received electrical signal, 7 is the photodiode responsivity (A/W), xpso (¢)
is the transmitted optical signal, and n(t) is an additive Gaussian noise term. The AWGN
model assumes that the channel is linear and the additive noise is statistically independent
of the transmitted signal. It provides a simplified analytical framework for evaluating the
impact of receiver and environmental noise on system performance. However, AWGN does
not describe turbulence-induced fading. In FSO systems, atmospheric turbulence causes
multiplicative random fluctuations in the received optical intensity, whereas the AWGN
model represents additive noise as an independent random process. These turbulence-
induced fluctuations are modelled using statistical PDFs such as the LN, GG, and M models,
and are treated separately from additive noise in system analysis.

5.2. Lognormal Model

The LN model is one of the most commonly used TA models for FSO systems.
The model is typically applied under weak turbulence conditions (¢ < 1), since it becomes
less accurate when irradiance fluctuations become strong. The LN PDF is expressed as [37]

_ (IHL) 7 ﬂ) 2 I>0, (20)

2 7
20%
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where [ is the optical intensity, y is the mean value of I, and Iy is the intensity under
free-space (no turbulence) conditions.

Figure 7 shows the LN model with s = 1 and different 03. As the 03 increases, the PDF
becomes more spread out and more skewed, indicating stronger irradiance fluctuations.
For the orange line where 03 = 0.2, the irradiance is likely to be less than the reference
point (I = 1 or 0 dB). Therefore, as the 0% increases, the peak of irradiance probability
tends to decrease. As 0'1% increases, the PDF becomes broader and its peak shifts towards
lower irradiance values. This means that low-irradiance events become more pronounced
as turbulence strengthens. As 0 approaches 1, the distribution becomes highly skewed,
suggesting that the LN model is nearing the limit of its validity. Therefore, when 03 > 1,
the LN model cannot predict the optical intensity under moderate to strong turbulence
conditions. Consequently, other TA models have been developed to address this limitation.

0.8F

PDF

06 :

02t:

0 0.5 1 1.5 2 25 3
Irradiance (I)

Figure 7. Lognormal PDF under weak turbulence for different Rytov variance values.

5.3. Negative Exponential Model

The NE model is commonly used for saturated turbulence regimes (3 — o). Un-
der this condition, the SI approaches 1, meaning that very strong irradiance fluctuations
occur. Consequently, the effects of the Rytov variance, aperture diameter, and propagation
distance are no longer represented explicitly in the PDF and become less dominant than
the strong irradiance fluctuations. The NE PDF can be expressed as [38]

1 I
f(I)—yexp<—y>, u>0 (21)

where y is the mean irradiance. The NE model is simpler than the LN model, as it is
parameterised only by the mean irradiance u and does not explicitly include a turbulence

2 This indicates that, under saturated turbulence conditions, the PDF is

parameter o
characterised mainly by the average received irradiance. Figure 8 shows the NE model for
different values of . The graph represents the optical beam under saturated turbulence
conditions. As the y value increases, the fading becomes less severe, and higher received
irradiance levels become more likely. Conversely, lower values of 4 mean stronger fading
and lower irradiance. However, since the model depends only on u and does not explicitly

account for 03, its application is generally limited to saturated turbulence conditions.
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Figure 8. Negative exponential PDF for different mean irradiance values.

Under saturated turbulence, the NE PDF is highest at I = 0 and decreases as I
increases. This means that low irradiance values occur more frequently than high ones.
However, this does not mean that y approaches 0, since y represents the mean irradiance—
that is, the statistical average of the received optical power. Therefore, the FSO link may still
operate, but with severe irradiance fluctuations, increased outage probability, and reduced
reliability unless mitigation techniques such as diversity, aperture averaging, or relaying
are implemented. The NE model is a classical reference model for saturated turbulence.
Many subsequent models, such as the GG and I-K distribution models, can reduce to or
approximate the NE model under saturated turbulence conditions.

5.4. K Distribution Model

Under very strong turbulence ((71% > 1) conditions, the modified K model was pro-
posed as a suitable model [39,40]. The generalized K-distribution is a three-parameter
distribution with parameters &, 8, and y. The PDF can be expressed as

a+p
2 (Y [, fafl
1= T ( 7 > 1 e (2 " ) =

where y is the mean value, I'(x) is the Gamma function, K, (x) is a modified Bessel func-
tion of the second kind, and the shape parameters are « and . The K model, a classical
model, is commonly used to model channel fading and shadowing in wireless communica-
tions. However, based on FSO experimental data, the K model can be modified by setting
B = p = 1, which yields the modified Kdistribution PDF given by [41]

2wl a1
fi= g T T K (2val) (23)

where « is related to the effective number of scatterers. The modified K model is a suitable
model for strong turbulence conditions, where Rytov variance lies in the range 3 < 03 < 4 [42].

Figure 9 shows the effect of the & parameter in the modified K model. As the « in-
creases, the received irradiance becomes more stable. This indicates weaker turbulence,
where deep fades are less likely. Conversely, smaller values of & produce a broader distri-
bution with a heavier tail. This implies stronger turbulence effects, where weak irradiance
levels occur more frequently because of random fading. Although the a parameter is
not measured directly in practice, it is usually estimated by fitting the K-distribution to
experimentally measured irradiance data. This can limit the practical use of the model,
since accurate parameter estimation often requires experimental data or prior channel
measurements before a realistic FSO PDF simulation can be performed.
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Figure 9. Modified K distribution for different a values.

5.5. Lognormal-Rician Model

To cover weak-to-moderate turbulence conditions, the LR model was proposed [14].
The LR model assumes that the received irradiance is formed by the product of lognormal
and Rician components, representing large-scale and small-scale fluctuations, respectively.
The model has shown good agreement with experimental data, particularly for spheri-
cal waves [43]. The LR PDF is obtained from the product of the Rician and lognormal
distribution models, and can be expressed as [44]

£(1) = (1+7r)exp(—r) /0°° 110<2 r(l;—r) I)

V27T 0y 22
y 1 1,\?
X exp(— ;L I— 22 (1112 + 2(73) ) dz

where z is a lognormal random variable that represents the large-scale turbulence fluc-

(24)

tuation, Iy is the zero-order modified Bessel function of the first kind, r is the empirical
coherence parameter of the small-scale Rician component, and ¢? is the lognormal distri-
bution variance or strength of the large-scale turbulence fluctuations. The LR model can
be reduced to the LN model by assuming r — co. Consequently, the effect of the small-
scale Rician component becomes negligible and the model depends only on large-scale
lognormal fluctuations.

In Figure 10, the blue line (r = 1.0, a§ = 0.5) has the highest PDF in the plotted
range, while the purple line (r = 2.0,02 = 1.0) has the lowest. This shows that r and ¢?
variables affect the shape of the PDE. As r increases, the coherent component becomes
stronger, and the small-scale fluctuations become less significant. On the other hand,
larger values of o2 indicate stronger large-scale turbulence fluctuations. Therefore, the LR
model captures the combined influence of coherence- and turbulence-induced fading on
the received optical signal. Compared with the LN model, the LR model provides a more
physically flexible description of turbulence, including both large- and small-scale effects,
rather than relying solely on the Rytov variance parameter in the LN PDF. However, this
advantage comes at the cost of higher mathematical complexity and the need to estimate
the empirical parameter r from experimental data. As a result, many researchers have
attempted to estimate or simplify the model using methods such as a two-step generalised
method of moments, k-nearest neighbour [45], and saddle-point approximation [44].

https://doi.org/10.3390 / photonics13050425


https://doi.org/10.3390/photonics13050425

Photonics 2026, 13, 425

15 of 35

—r=1.0,02=0.5
---r=1.0,02=1.0

r=2.0, 02=0.5
—r=2.0,02=1.0

0.8+

06

PDF

0.4

0.2+

0 L I
0 0.5 1 15

Irradiance (1)

Figure 10. Lognormal-Rician PDF for different values of r and ¢2.

5.6. Gamma—Gamma Turbulence Attenuation Model

The GG model is widely used to describe the turbulence effects in FSO systems [46].
The GG PDF is derived from the generalized K and LR model by mainly using the 0 to
explain the turbulence effects. It can be expressed as [47]

a+p
2(ap) = ()1
I)= ——5—=1I\? Ky_pgl2v/aBl), 1>0 25
where « represents the effective number of large-scale cells in the scattering process,  rep-
resents the effective number of small-scale eddies, T'(x) is the Gamma function, and K, (x)
is the modified Bessel function of the second kind. The parameters « and f can be written
as follows

1 1
==, == 26
=g P (26)

where ¢2 and 0'; are the normalized variances of large-scale (x) and small-scale (y) eddies,
respectively. The received irradiance can then be expressed as I = xy. Moreover, the Sl is
given by
1 1 1
I=-4-+— 27
S . + B + B (27)
Therefore, the parameters of large- and small-scale scintillation for plane waves can be
expressed as follows [48,49]:

0.49 02
02~ exp IR -1 (28)
' (1 111 12/5)7/6
+ 1110y
0.51 02
02~ exp IR -1 (29)
y 5/6
(1 1069 012/5)
. ’ R -

where Rytov variance ¢3 = 1.23 C2 K”/¢ L!1/6 for plane waves.

For example, an FSO link operates at 1550 nm over a link distance of L = 1000 m with
a receiving aperture diameter D = 1.5 mm. The refractive index structure parameter is
taken as C% =5x10"15,1x10714,5x10°%,1x10713, and5x 103 m 23 to represent
various turbulence conditions. The corresponding GG model is shown in Figure 11.

In Figure 11, under weak turbulence (C2 = 5 x 10~'), for both plane and spherical
waves, the irradiance values cluster tightly around —5 to 5 dB, indicating that only small
irradiance fluctuations occur under this condition. As the turbulence becomes stronger—
that is, as C2 increases—the irradiance distribution becomes broader and more spread out.
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This means that the received optical intensity exhibits stronger random fluctuations due to
greater refractive index variations in the atmosphere. As a result, the probability of deep
fading increases, reducing the stability of the FSO link and degrading its performance. By
comparing Figure 11a,b, the spherical wave is slightly less affected by turbulence than
the plane wave under the same C2. This is because the spherical wave has a spreading
wavefront, which makes it less sensitive to atmospheric refractive fluctuations and results
in weaker scintillation. The GG model captures this behaviour through the parameters
« and beta, which vary with turbulence strength and describe the large- and small-scale
irradiance fluctuations. Therefore, the GG model is suitable for showing both the effect of
increasing C2 and the difference between plane and spherical waves on FSO performance.
The parameters of large- and small-scale scintillation for spherical waves can be expressed
as [48]

(7% ~ exp (30)

0.49 0%
140.18d2 +0.560%>°
-5/6
, 05103 (1+06901/7)
0y A exp BT -1 (31)
(14098 +0.624203/%)

where 0% = 0.496 C2 k7/6 L11/¢ is the Rytov variance for spherical waves, d = kD2 /4L,
k =2mt/A, D is the receiver aperture diameter, and L is the link distance.
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Figure 11. GG model with different C2 values: (a) plane waves; (b) spherical waves.

The GG model primarily relies on the Rytov variance to determine its distribution
parameters. This may limit its accuracy outside the Rytov approximation regime, since
FSO performance is influenced by other variables such as the aperture diameter, inner scale
(Ip), outer scale (Lj), and coherence parameter (pg) [50]. However, the GG model can still
be applied under weak-to-strong turbulence conditions. This flexibility has made the GG
model one of the most widely used for statistical FSO channel models.

5.7. Mdlaga Distribution Model

The M model is a general distribution adaptable to different turbulence conditions.
Although the model requires additional parameters and is less convenient in practice [51],
its expression can be represented in terms of Meijer’s G and Fox’s H functions, which
reduces analytical complexity [52]. The M PDF unifies the Rice-Nakagami, LN, K, IK, GG,
and the NE models, and can be expressed as [53]
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f1 :AkZ%akl 7 Kkl 2 77!54_0/ (32)
A— 2u2 rB p+3 (33)

PHEIT(a) \ B+ Y

k

_ (BT L (T

w= () am(5) (5) aero) 9

where K, (x) is a modified Bessel function of the second kind and order v, I'(x) is the
Gamma function, (f) is the binomial coefficient, 8 is the fading amount parameter (a
natural number), and « is a positive parameter related to the effective number of large-
scale cells of the scattering process. The effective coherent power (()') and the incoherent
scattering power () are given by

Q' = Q + 2bgp + 2+/2bgpQ) cos(D 4 — D) (35)
v = 2bp(1—p) (36)

where () is the average power of the LOS component, p (0 < p < 1) is a factor that depends
on the propagation path length or the coherence parameter, 2by = E[A?] is the average
power of the total scatter components, and the operator E[x] is the ensemble average.

For example, FSO link performance can be evaluated using the M model by assuming
that the optical wave propagates under strong (v = 2.1, § = 2, and p = 0), moderate
(¢ =10.0, B =5, and p = 0.5), and weak (« = 48.7, B = 14.3, and p = 0.9) turbulence
conditions, with () = 0.5 [54]. The resulting FSO PDFs are shown in Figure 12.

—a=2.1, B=2.5, p=0.0
- - =103, B=5.6, p=0.5
a=48.7, p=14.3, p=0.9

0 0.5 1 15 2 2.5 3
Irradiance (1)

Figure 12. M model with different turbulence conditions.

As the « and p parameters increase, the PDF peak shifts towards a higher irradiance
region. This reflects that the received optical intensity is less affected by random fluctua-
tions, and hence higher irradiance values become more probable under weaker turbulence
conditions. Therefore, the figure confirms that the M model can describe the statistical
behaviour of the received irradiance across strong-to-weak turbulence conditions using
the parameters. The M model can be converted to other general TA PDF models, namely the
AWGN, K, and GG models. For example, the model reduces to the K model by assuming
2bp =1, p = 0 (no coupled-to-LOS scattering power), and (2 = 0 (no LOS power). While
the model reduces to the GG model by assuming 2by = 1, p = 1 (full coupled-to-LOS
scattering), and (2 = 0 (no LOS power). In the asymptotic case where x — coand f — oo,
the M model approaches the ideal AWGN model, which corresponds to a turbulence-free
optical channel. This shows that the M model not only provides a flexible description
of irradiance fluctuations, but also offers a unified statistical framework for analysing
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different atmospheric turbulence regimes in FSO systems. However, the model requires
more parameters to be flexible.

This section has reviewed representative statistical PDF models for turbulence attenua-
tion in FSO systems. Most of these models are parameterised by 03, which characterises the
strength of atmospheric turbulence. Each TA model introduces its own set of parameters to
describe the statistical fluctuations of the received irradiance under different turbulence
conditions. In general, the selection of a TA model involves a trade-off between physi-
cal accuracy, mathematical tractability, and parameter availability. For example, the LN
model is simple and analytically convenient, but it is mainly suitable for weak turbulence.
The NE and K models are specifically appropriate for saturated and very strong turbulence,
respectively. The LR model can be adapted to weak-to-moderate turbulence conditions,
but at the cost of increased analytical complexity. By contrast, the GG model is widely
adopted because it offers a good balance of accuracy, tractability, and applicability across
a wide range of turbulence conditions, though it requires more parameters than simpler
models. The M model is the most general among these distributions and can represent
several classical models as special cases, but its practical use depends on the availability of
additional parameter estimates. Therefore, simpler models may be preferred for tractable
analysis in specific turbulence conditions, whereas the GG and M models are more suitable
when broader applicability and more accurate turbulence characterisation are required.
Table 2 summarises the main TA models used for FSO system performance analysis.

Table 2. Practical selection guidance for common FSO TA PDF models.

TA Model = Main Parameters Practical Conditions Strength and Limitation
LN Rytov variance 03 Weak turbulence Simple but becomes inaccurate when 03 > 1
NE Mean irradiance y Saturated turbulence Very simple but used only in a limiting case ((TI% — 00)
Very strong to .. 2
K Shape parameter « saturated turbulence Limit case for strong turbulence (3 < o < 4)
Coherent-to-diffuse ratio r; Weak-to-moderate The model captures bf)th large- an.d small-scale .
LR . 2 effects, but it is analytically complicated and requires
lognormal variance o7 turbulence o
parameter estimation.
Large-scale eddies «; small-scale =~ Weak-to-strong A genera.l FSO performance analys.1 s model,
GG ; but requires more parameters and is less
eddies turbulence )
physically general
. . The most general model among the listed PDFs and
Adaptive parameter p, scattering . . .
. Weak-to-strong includes several classical models as special cases.
M parameter x, amount of fading f3,

LoS parameter ()

turbulence

However, it is more complex and requires additional

parameter estimation.

It should be emphasised that the PDF-based TA model describes the statistical fluctua-
tions of the received irradiance. These models do not correspond to fixed FSO power loss
and therefore cannot be directly mapped onto the fixed attenuation steps shown in Figure 2.
Instead, they represent the probability that the received optical power takes different values
due to refractive index variations in the atmosphere. These PDFs are used to evaluate per-
formance metrics such as outage probability and BER. Figure 1 serves only as a simplified
illustration of how an FSO signal propagates through a medium, whereas turbulence-
induced fading must be treated statistically using its PDF model. Other turbulence models
also exist in the literature, such as I-K, Exponentiated Weibull (EW), Fisher-Snedecor (F)
distribution, Double Gamma Gamma, Nakagami-m distribution, Inverse-Gaussian distri-
bution, and the Rayleigh model. However, this review focuses on the most widely adopted
and experimentally validated models.
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6. Pointing Error Models

FSO communication requires strict LoS alignment between the transmitter and re-
ceiver to enable reliable optical signal transmission. Precise LoS alignment can be achieved
through appropriate engineering structures that support accurate point-to-point commu-
nication. A lack of precise alignment can lead to misalignment and PE, which reduce the
received power and degrade system performance. Such effects often occur due to building
sway and earth subsidence. To evaluate the impact of PE, several statistical models have
been proposed, such as the geometric spread with Rayleigh [12], Hoyt [55], Rician [56],
and Beckmann [57] models.

6.1. Geometric Spread Model

The PE model can be derived under the assumption of a Gaussian beam propagating
over a distance (L). The Gaussian beam radius at the receiver D, can be approximated
from the geometric PL model (Figure 3) as [58]

2
AL
D, = Do |1+ s<2> (37)
nDg
2
where w( is the beam waist at the transmitter (D = 0), ¢ = <1 + 2;71)20), p% =
0

(0.55 C%kzL) ~%/% is the coherence length, C2 is the refractive index, and k = 27/A is
the wavenumber. Consider the detection aperture of radius (a) with the PE length (r) as
shown in Figure 13. The approximation of the fraction of power collected by the aperture
can be derived as [12]

hy = Ao p<_g) (39)
Ay = [erf(v)]? (39)
) “
vra (41)

0=
V2D,

where Ay is the collected power fraction at ¥ = 0, D, is the equivalent beam width, and D,
is the beam width at the receiver.

A
Y -
Beam footprint
DZ
r
a |-
|/ X
Aperture

Figure 13. Aperture and beam width at receiver plane [59].
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A misalignment of the beam is shown in Figure 13. The smaller circle is the aperture
with radius a, while the larger grey circle is the received beam footprint with beam width
D,. The misalignment r represents the distance between the beam centre and the aperture
centre. As r increases, the overlap between the beam and the aperture decreases, so less
optical power is collected. From Equation (41), the D, /a value, which is the normalised
mean-squared error (NMSE), is normally used to explain the ratio between the beam width
and aperture size. As D, /a becomes larger, more of the beam falls outside the aperture,
which increases power loss. For an acceptable NMSE value to evaluate this PE model, it
should be below 1 x 1073, which corresponds to the beam width condition reported in [12].
Therefore, this PE model is suitable for an FSO beam that is not larger than the aperture by
a factor of six (D /a < 6).

Substituting the power collected fraction (/1,) with the Rayleigh distribution radial
displacement (r), the PE equation for the zero-boresight case (no systematic misalignment)
can be expressed as [12]

r r2
p(r) = U—gexp “32)" r>0 (42)
& 2
0

where { = D,/ (205) is the ratio between the equivalent beam width and standard deviation
of the PE displacement (jitter), and o is the jitter standard deviation. This model provides
a basic analytical framework for describing PE effects in terms of beam width, aperture
size, jitter, and propagation distance. The model shows that the collected power statistically
depends on the relationship between the beam width and the jitter. As jitter increases,
the radial displacement increases, reducing the collected power fraction and increasing the
probability of fading. In contrast, a larger equivalent beam width relative to the jitter leads
to a less severe PE effect. Therefore, this model is useful for evaluating how misalignment
statistically degrades FSO link reliability and received power performance.

6.2. Hoyt Model

Under the geometric spread assumption, the PE is modelled by assuming identical
jitter in the vertical and horizontal directions. However, to distinguish the jitter along the
horizontal (x) and vertical (y) directions, as shown in Figure 14, the Hoyt model is used to
characterise this directional jitter. The Hoyt PDF model can be expressed as [55]

p(r) = ! exp(— (1+ qé) ,2) IO< (- lﬁ{) rz), r>0 (44)

 quo? 443,02 4q3,07
20+4%) 1
& (hp> w1 —gqF) (h,,)
h,) = — Il ¥——"2~In| -~ 45
where gy = 0y /0y € (0,1], x = rcos ¢, y = rsing, s is the PE displacement standard
deviation (jitter), h, = Ag exp(— %) ,¢ = D./(205), D, is the equivalent beam width, r is

the PE length, and Iy(x) is the modified Bessel function of the first kind of order zero. It is
worth noting that when gy = 1, the Hoyt model reduces to the geometric spread model.
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Figure 14. Aperture and beam width with non-identical jitters [60].

Figure 14 shows the beam footprint and receiver aperture under non-identical jitter
conditions. The parameters x and y represent the random horizontal and vertical pointing
fluctuations. This figure shows a possible instantaneous beam position caused by random
jitter along the x and y axes. Such jitter can occur due to earthquakes, unstable transceiver,
or wind loading. Therefore, the Hoyt model provides a more flexible representation of
asymmetric jitter than the geometric spread model.

6.3. Beckmann Model

The Beckmann model is a flexible pointing-error model that includes several previ-
ously proposed models as special cases, including the geometric spread, Hoyt, and Rician
models. It is parameterised by py, 0y, jiy, and oy, variables. The Beckmann PDF can be
expressed as [57,61]

. 2
o 2 (rcosf —iy)*  (rsin® — i)
p(r) = 27100y /0 exp ( 202 Zayz 40 (46)
p(hy) = & Wl 0<hy, < AG (47)
P (AG)e ! S
1 1 1 12 a5
G=expl 55— 553 — 555 — 5me3 — 753 (48)
P<a2 222 2038 205@5)

where r is the PE length, 0y and 0y, are the jitter standard deviations in the horizontal and
vertical directions, il and il are the effective mean displacements in the horizontal and
vertical directions (boresight offsets), { = D./20s, ¢ = D./20y are the PE parameters,
and the parameter G is an approximate Beckmann factor. The variables are shown in
Figure 15.

PE impairment can arise from boresight displacement, represented by i, and 7,
and random jitter spread, represented by oy and ¢y. The Beckmann model can capture both
types of impairment. The model can also be reduced to the previously proposed PE models
as special cases, including the geometric spread model by assuming 7, = @, = 0 and
¢ = &x = ¢y (identical misalignment and jitter), the Hoyt model by assuming i, = i1, = 0
and ¢y # ¢y (identical misalignment and non-identical jitter), and the Rician model by
assuming iy + 1, # 0and { = {; = §, (non-zero boresight displacement). Therefore,
the Beckmann model is a flexible PE model because it includes several previously proposed
models as special cases and can represent both jitter asymmetry and boresight displacement.

https://doi.org/10.3390 / photonics13050425


https://doi.org/10.3390/photonics13050425

Photonics 2026, 13, 425

22 of 35

Beam footprint

4akmg

r
u
a |-
— : >
|/ X
1
'
Aperture

Figure 15. Beam footprint with respect to generalized misalignment and jitter effects.

6.4. Angle of Arrival Model

FSO can be deployed across a wide range of space—air-ground and non-terrestrial
communication networks. Such links can be integrated with multiple platforms, including
UAVs, high-altitude platforms, airships, and satellites. When these platforms operate under
different alignment angles, the FSO transceivers may not remain perfectly aligned, which
reduces the effective field of view (FoV) of the receiver aperture. This effect can be called
AoA fluctuation. Figure 16 shows an example of AoA fluctuation.

Minimum wavefront A Beam fOOtpl'iﬂt

radius of curvature Y

Planar

wavefront

e e

Aperture

() (b)

Figure 16. An example of AoA with misalignment: (a) geometry view; (b) beam footprint.

Figure 16 shows that, when the receiver aperture is not parallel to the transmitter,
FoV fluctuation occurs. As the optical signal arrives at the receiver (D;) at angles 6, and
8y, rather than normal to the receiver plane, as shown in Figure 16a, the beam footprint
at the receiver is distorted by the AoA impairment. As shown in Figure 16b, the beam
footprint becomes distorted due to AoA impairment. Therefore, AoA fluctuation degrades
the amount of optical power that can be effectively collected by the receiver. The 6y and 6,
are the horizontal and vertical AoA components, respectively. The AoA fluctuation can be

expressed as
0 =./0%+063 (49)
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The Rayleigh PDF is then given by

6 62
f(0) = azexp(—w), 6 >0. (50)

a

where ¢? is the variance of the independent zero-mean Gaussian AoA components. For a
receiver with a finite FoV (0f,v ), the AoA PDF can be approximated as [15]

92
p(hp) = exp (_ 4F;¥>(S(hp) +

a

2
1—exp (—ZF;ZVNJ(M —1) (51)

where 6(x) is the Dirac delta function.

The PE models describe stochastic misalignment effects that cause random fluctuations
in the optical power collected at the receiver aperture. Different PE models offer different
characteristics and levels of complexity. The geometric spread model is the simplest and
is suitable when identical jitter is assumed in the horizontal and vertical directions with
zero boresight displacement. The Hoyt model provides improved realism by allowing non-
identical jitter variances in the two directions, although it remains limited to zero-boresight
conditions. The Rician model is more suitable when a fixed boresight displacement exists,
but it usually assumes identical jitter statistics. By contrast, the Beckmann model offers the
most general representation, since it can jointly describe asymmetric jitter and non-zero
boresight displacement, and also includes the geometric spread, Hoyt, and Rician models as
special cases. AoA fluctuation should be treated separately, since it is associated with FoV
variation rather than jitter- or boresight-based PE modelling. Therefore, simpler models are
preferable when tractable analysis is required under restricted assumptions, whereas the
Beckmann model is more suitable for most practical situations where both jitter asymmetry
and boresight displacement occur simultaneously.

7. Equipment and Other Losses

The previous sections reviewed the PL, TA, and PE models. These impairments are
treated as channel-related losses. However, there is another type of loss known as hardware
loss, which can degrade the laser signal at the transmitter and receiver subsystems [62]. This
loss is called equipment loss (4, ), which arises from the optical components and interfaces.

7.1. Hardware Losses

At the transmitter, performance is affected by both losses and gains. Transmitter-side
losses may arise from imperfect laser coupling, wavelength mismatch, modulation loss,
thermal effects, and voltage instability, whereas gain may be improved by increasing the
transmitted power or aperture size. Similarly, the receiver is affected by losses such as
limited photodetector sensitivity, filter loss, and lens loss. Receiver-side performance can
be improved through a larger aperture, signal recovery techniques, and coding. Therefore,
the equipment loss can be expressed as [63]

he = GrGrLrLg (52)

where Gy is the subsystem gain, and Ly is the subsystem loss for the transmitter and
receiver. Since equipment loss originates from hardware components, its impact may be
reduced through improved subsystem design and overall system optimisation.

7.2. Other Losses

Other noise sources that may degrade FSO performance, such as sunlight [58], beam
wavelength selection [61], and quantum noise, should also be considered. Background noise
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from sunlight scattered and reflected by the sky, clouds, and surrounding objects can cause
shot noise at the aperture and reduce the signal-to-noise ratio (SNR), particularly in daytime
and outdoor systems. Moreover, wavelength selection may occur when the operating
wavelength is poorly matched to the receiver optical filter or the atmospheric transmission
window. Furthermore, quantum noise arises from receiver limitations. These losses are
commonly treated as additive noise terms and may be included in the equipment loss.

8. Numerical Example of Application Scenarios

This section shows how the reviewed PL, TA, and PE models are combined in an
FSO performance evaluation. First, a link budget analysis determines the deterministic
power margins under different atmospheric conditions, and the M model is applied to
evaluate outage probability without PE. Next, the average bit error rate (BER) and the
ergodic Shannon capacity upper bound are evaluated under a composite channel model
that includes the Kim path loss, the M, and the geometric spread PE model.

8.1. Link Budget and Outage Probability

The PL channel of the system can be expressed as li; = hgeom * fikim, Where higeom is the
geometrical loss and iy, is the Kim model. Calculating h; from Table 3, hgeom ~ 0.312,
which corresponds to approximately —5 dB, and hyy, is —0.45 dB, —1.5 dB, and —15 dB
for clear air, rain, and fog conditions, respectively. With a 4 dB equipment loss, the total
fixed loss is approximately —9.45 dB (clear air), —10.5 dB (rain), and —24 dB (fog). These
numbers represent the link budget of the FSO link when turbulence and misalignment
fluctuations are neglected. Hence, the link margins become [64]

Link Margin = P; + link budget — Pgjode, (53)

where Pyjoqe is the receiver sensitivity. Two common photodetector types are PIN and
avalanche photodiode (APD) receivers. Their sensitivities are —28 dBm and —35 dBm,
respectively. Table 3 summarises the FSO parameters under different weather scenarios.
In this example, the FSO system is evaluated using the geometrical, Kim, and Mélaga
models without PE fluctuations.

Table 3. System and environmental parameters for the FSO link.

Variable Description Value

P FSO output power 10 dBm

L Link length 1km

A Optical wavelength 1550 nm
Yelear Atmospheric attenuation (clear air) —0.45 dB/km
Yrain Atmospheric attenuation (rain) —1.5dB/km
Yog Atmospheric attenuation (fog) —15dB/km

Dy Transmit aperture diameter 0.05m

D, Receive aperture diameter 0.05m

he Total equipment loss —4dB

In this scenario, only the PIN diode is considered. Consequently, the link margins are
28.55 dB, 27.5 dB, and 14 dB, for clear air, rain, and fog conditions, respectively. Figure 17
shows the optical power loss at each stage of the channel response.

Figure 17 shows the optical power in an FSO link under clear air, rain, and fog
conditions. Starting from the transmitted power, all cases experience the same reduction
due to geometrical spreading (fgeom). Additional attenuation then occurs at the atmospheric
stage through (hyy,), where fog causes significantly greater power reduction than rain and
clear air. Then, the expected received power after turbulence effects shows the impact of
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random fluctuations caused by TA without PE impairment. Finally, equipment loss (/)
introduces an additional deterministic power reduction at the receiver.

109
5 Q
! ﬁ
5t
-10 [|—e—Clear air
—=—Rain
Fog

-15 s !
A N e e Y

Optical Power (dBm)

Figure 17. Optical power level at each stage of the FSO link under clear air, rain, and fog conditions.

The M model is then used to evaluate the outage probability performance, using the
parameter values shown in Table 4.

Table 4. Parameters of the M model.

Variable Description Value
Q Average power of LOS component 0.25
2bg Average power of scatter component 1.3
pt Ratio of scatter to LOS power 0.5

Average power of scatter component received by

8t off-axis eddies 0.016
o Average power of LOS coupled with scatter 1751
component
@ Phase difference of @4 — @p /2
« The effective number of large-scale cells 10
B The effective number of small-scale cells 5
wy/a Normalised beam width-to-aperture ratio None

For the IM/DD receiver with a PIN photodiode, the outage probability is evaluated at
a target electrical SNR threshold (74,). The outage probability (P,,:) can be expressed as

Pout = Pr(y < yn) = Pr(71* < v) = PT(I < \/?) (54)

In the following results, ¥ is the average electrical SNR parameter of the IM/DD receiver,
while the link budget analysis is used separately to interpret the operating conditions under
clear air, rain, and fog scenarios. Therefore, the instantaneous electrical SNR in linear scale
for the IM/DD model can be expressed as

SNR = 7I? (55)

As a result,
SNRear : SNRyain : SNRg, = 12.8944 : 0.7939 : 0.0016. (56)

In Figure 18, the outage probability decreases as the average SNR increases for all
turbulence conditions. Among the three weather cases, fog exhibits the highest outage
probability and therefore requires the highest average SNR to achieve acceptable link
availability. To achieve a 99% link availability, corresponding to an outage probability
of 1072, the required average SNR under fog conditions is approximately 70 dB. This
requirement is very high and may be impractical for typical FSO system configurations.
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Figure 18. Outage probability under the Malaga turbulence model without PE.

Based on the link budget analysis, the transmitted optical power is 10 dBm, and the
total fixed loss ranges from —9.45 dB to —24 dB under clear air, rain, and fog conditions.
Therefore, the received power level after the fixed losses is approximately 0.55 dBm,
—0.5 dBm, and —14 dBm for clear air, rain, and fog conditions, respectively. Consequently,
the achievable link availability is limited, particularly in rain and fog.

8.2. BER and Ergodic Shannon Capacity Upper Bound

The previous subsection evaluated outage probability without PE effects. In practice,
PE can significantly degrade performance. To capture this effect, the M model and the
geometric spread PE model are combined into a composite channel PDF. The resulting
expression can be written [17]:

AérZ h§2_1 B 00 sk a‘Bh
h) = —2———— / h I | K. |2 _APMa ) 4y 57
e A§ (i he) k;ak i K2\ gy ) P )

From [65-67], the average BER (P,) and ergodic Shannon capacity upper bound (C) of an
IM/DD OOK FSO system can be expressed as

Py [ erfey/n(m) i (58)

C= [ logy(1 4 ve(h) () 59

where . (h) is the instantaneous electrical SNR corresponding to the composite channel
gain k. It should be noted that log, (1 + 1) is used as a Shannon upper bound for compari-
son, rather than the exact constrained capacity of IM/DD OOK signalling. For the IM/DD
receiver, the instantaneous electrical SNR is related to the average SNR by [68]

')/x(h) = '?x(i])z (60)

The BER and ergodic Shannon capacity upper-bound analyses use the same base parameters
as in Table 4. However, the turbulence dependent parameters are adjusted for three
conditions [54]: weak (¢« = 48.7, B = 14, and p = 0.9), moderate (« = 10, § = 5, and
p = 0.5), and strong (x = 2.1, B = 2, and p = 0) turbulence conditions. The values
of () and vy are also recomputed for each case. For each turbulence condition, three PE
scenarios are considered: no PE (w,/a = None), moderate PE (w,/a = 2), and severe PE
(w,/a = 6). A larger w,/a ratio indicates a wider beam relative to the aperture, which
increases sensitivity to misalignment.

Figure 19 presents the average BER and the ergodic Shannon capacity upper bound
of the IM/DD OOK FSO system under the composite M model with PE. The blue, red,
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Average BER

and orange lines represent weak, moderate, and strong turbulence conditions, respectively.
For each turbulence case, three pointing scenarios are shown: no PE (dotted lines), mod-
erate PE (solid lines) and severe PE (dashed lines). Both turbulence and PE impairment
significantly affect performance, as shown in Figure 19a,b.

In Figure 19a, at an average BER of 103 under weak turbulence, the required average
SNR is approximately 29.7, 38.3, and 55.1 dB for w,/a = None, 2, and 6, respectively.
Similarly, in Figure 19b, at an ergodic Shannon capacity upper bound of 8 bits/s/Hz
under no PE impairment, the required average SNR is 33.3, 42.1, and 58.7 dB for weak,
moderate, and strong turbulence conditions, respectively. These results confirm that FSO
system design and evaluation must account for the combined effects of turbulence and
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Figure 19. IM/DD OOK performance under PL, Malaga turbulence and Beckmann PE: (a) average
BER; (b) ergodic Shannon capacity upper bound.

8.3. Another Unified Model

To further demonstrate that the proposed end-to-end framework is not restricted to a
single fixed model combination, another unified model can be constructed by replacing
the PL, TA, and PE components. For example, a simpler alternative unified model can
be formed by combining the Beer-Lambert law for PL and the LN model for TA, while
neglecting explicit PE impairment, i.e., i, = 1. This choice provides a low-complexity
baseline for estimating the FSO link under weak-turbulence conditions when only a limited
number of channel parameters is available. Substituting Equation (6) and Equation (20)
into Equation (5), and setting /1, = 1, the composite channel PDF can be written as

2
fu(h) = S - (ln(hl%lo) ~ H) h >0, (61)

= exp ]
hy/2mo% 203

where 1 = exp(—e€L). For this numerical example, the absorption coefficient is set to
e=1x10"%and 1 x 103 m~}, the Rytov variance is set to (71% =0.2 and 0.8, and the link
length is fixed at L =1000 m. The corresponding average BER () and ergodic Shannon
capacity upper bound (C,) are shown in Figure 20.
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Figure 20. IM/DD OOK performance under Beer-Lambert PL and LN turbulence without PE:
(a) average BER; (b) ergodic Shannon capacity upper bound.

20

Figure 20a shows that the average BER decreases as the average SNR increases. How-
ever, larger absorption coefficients and higher Rytov variance values degrade the BER
performance, since stronger path loss and turbulence both reduce link reliability. Figure 20b
shows that the ergodic Shannon capacity upper bound increases with average SNR, but de-
creases as the absorption coefficient and turbulence strength increase. Among the plotted

-1 (712{ = 0.2 results in the best performance, whereas € = 1 x 103 m~1,

cases, e = 1x10"*m
0% = 0.8 provides the worst performance. The effect of the Rytov variance becomes more
noticeable at higher average SNR because it is a stochastic variable in the LN model,
whereas the absorption coefficient represents a fixed deterministic loss in the Beer-Lambert
model. These graphs show that alternative models can also serve as evaluation methods
for different scenarios.

Table 5 summarises representative unified model instantiations for simple, outdoor,
and more general scenarios, highlighting that the same end-to-end structure can support
different PL, TA, and PE choices. This alternative model is not intended to replace the
numerical example in Sections 8.1 and 8.2, where geometrical plus Kim path loss and
the Malaga model are used to demonstrate outage, BER, and ergodic Shannon capacity
upper-bound analysis. Rather, it is included to show that the same unified framework can
be adapted to different modelling choices depending on the scenario, available parameters,
and required analytical tractability. For visibility-dependent outdoor propagation, Kim
or Kruse models may still be more suitable than Beer-Lambert alone, whereas GG or
Malaga models may be preferred when turbulence extends beyond the weak regime,
and Hoyt or Beckmann models may be more appropriate when asymmetric jitter or non-
zero boresight displacement must be represented. Therefore, the proposed formulation
should be interpreted as a modular framework that supports multiple end-to-end channel
instantiations, rather than one tied to a single admissible model combination.

Table 5. Examples of unified model combinations.

Example Scenario PL TA PE
Simple case Beer-Lambert LN -
Outdoor link Kim/Kruse GG Hoyt
General model Geometrical + Kim M Beckmann
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9. Discussion

This review focuses on the theoretical and modelling aspects of FSO system perfor-
mance. Performance evaluation mainly relies on the combination of PL, TA, and PE models.
PL models represent deterministic power losses and primarily determine the mean re-
ceived power, link budget, and link margin requirement. Meanwhile, TA models represent
stochastic fading mechanisms that shape the distribution of instantaneous SNR through
PDFs. PE models describe stochastic misalignment effects that reduce the collected optical
power and are particularly important in mobile, aerial, and long-distance FSO links, where
jitter and boresight displacement cannot be neglected.

There is no single standard end-to-end channel model in the literature. Instead, differ-
ent studies adopt different PL, TA, and PE models depending on the scenario, analytical
tractability, and parameter availability. For example, Beer-Lambert formulations are fre-
quently used for the PL model due to their simplicity [69]. However, the Beer-Lambert
law alone does not capture additional fixed losses due to geometrical effects and weather
conditions. In consequence, appropriate model selection is necessary to ensure that the
evaluated system reflects the intended propagation conditions.

For the TA model, GG is widely adopted due to its balance between analytical con-
venience and its ability to cover a broad range of turbulence conditions [10]. A more
general TA formulation in terms of the M model, which can be reduced to other models,
is less frequently applied in FSO evaluation due to the additional parameters and ana-
lytical complexity required. Accordingly, there is no universally best TA model. Instead,
the model should be selected according to the turbulence conditions, the required analyti-
cal tractability, and the availability of reliable channel parameters. For example, the NE
model only requires the mean irradiance to evaluate the effect under saturated turbulence
conditions, while the GG model requires more parameters to represent weak-to-strong
turbulence conditions.

PE models are commonly used to evaluate jitter and boresight misalignment. Many
studies adopt the geometric spread model for its simplicity, but it assumes identical jitter in
both axes and zero boresight. The Hoyt model extends this by capturing non-identical jitter
along the horizontal and vertical directions, while the Beckmann model further accounts
for boresight displacement. In addition, the AoA model addresses FoV-related losses,
particularly for UAV and satellite platforms where angular misalignment is common. Al-
though PE impairment can be mitigated by sophisticated engineering techniques, it remains
important in scenarios such as UAV and satellite communication, where platform motion
and alignment fluctuations are more severe. In particular, simpler PE models become less
suitable when asymmetric jitter and non-zero boresight displacement must be considered.
Therefore, different PE models remain relevant under different operating assumptions.

The numerical example shows how PL, TA, and PE models can be combined in a sim-
ple evaluation. To ensure rigour and reproducibility, the method used to derive the PDFs
should be explicitly stated, including any assumptions and parameter choices. The per-
formance outcomes also depend on receiver and detection assumptions. For instance,
non-coherent and coherent detection can yield different BER [70]. Accordingly, the eval-
uation and design should be interpreted carefully with respect to the equipment type,
assumptions, and decision metrics. Therefore, these models should be used as an initial
and structured evaluation tool for FSO systems, rather than as a direct replacement for
experimental validation in real deployment conditions. In addition, practical deployment is
also constrained by parameter measurability, calibration quality, and hardware limitations.
Moreover, the predicted performance is sensitive to parameters such as visibility, C2, Rytov
variance, and the adopted channel coefficients.
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Measurement-driven validation for complete model combinations is still lacking.
While several studies rely on analytical expressions with Monte Carlo simulation, fewer
provide experimental evidence to justify parameter selections [10]. For example, in [71],
only the operational range effect, SI reduction by fog intensity [4,72] and rainfall effect [73]
are studied. These studies tend to validate one aspect of the channel at a time rather than
the full end-to-end model combination. Even in controlled-chamber studies, calibration and
reporting practices are often insufficiently detailed, particularly for visibility measurements
and aerosol or fog density stability.

Monte Carlo-based channel models have also been used for non-homogeneous prop-
agation environments, where closed-form expressions become difficult to obtain. For ex-
ample, Ref. [74] proposed a Monte Carlo-based attenuation model for fog channels, while
Ref. [75] used Monte Carlo-based optical wireless modelling in turbid water. Although these
methods are more computationally intensive, they provide a useful alternative when the medium
is highly non-uniform or when analytical FSO models are not sufficiently representative.

From a practical perspective, deployment constraints remain important, especially
for IoT and smart city applications. RF modules are widely available for microcontrollers,
network and IoT platforms, whereas commercial FSO modules are less common. FSO
implementations commonly adopt LED-based optical links, which are affordable but
typically provide lower optical power concentration and shorter range than laser-based
optical links. Therefore, developing affordable and powerful FSO modules that can be
integrated into IoT systems remains an open challenge.

Safety and regulatory constraints remain an important practical consideration in urban
deployment. There are laser safety standards, including IEC 60825-12 [76], ANSI Z136.1-
2022 [77], and AN447 [78]. These documents primarily focus on controlling laser hazards
rather than providing FSO design rules. In practice, the maximum permissible exposure
limits restrict the allowable transmitted beam power in publicly accessible environments.
Consequently, designing eye-safe FSO links is not determined solely by optical power.
Factors such as wavelength, beam divergence, accessible emission conditions, exposure
duration, and installation geometry should also be considered.

Data-driven machine learning approaches can also be used as predictive tools in FSO
systems. For example, Ref. [79] applied multiple machine learning models to estimate C2,
while Ref. [80] used machine learning to predict BER, and Ref. [81] developed a hybrid
deep learning technique for accurate turbulence modelling. Therefore, machine learning
techniques can provide a promising solution for FSO channel modelling.

Another future research direction is the extension of FSO channel modelling to quan-
tum communication networks. FSO links can be a part of the quantum Internet of the
future because they can send photonic quantum signals through free space. This enables
applications such as quantum key distribution. In such scenarios, accurate channel mod-
elling remains important because PL, TA, and PE can affect the reliable transmission of
quantum states [82]. Therefore, accurate channel modelling remains important for reliable
free-space quantum communication [83-85].

Limitations

Several limitations should be noted. First, this paper does not cover hardware imple-
mentation challenges, system integration, or experimental validation. Practical aspects such
as transceiver design, PAT performance, receiver sensitivity calibration, signal processing
constraints, and coding are outside the scope of this work. Second, many TA and PE PDFs
require parameters, such as the refractive index structure constant C2, inner and outer
turbulence scales, coherence parameters, and jitter variances. These parameters are often
difficult to measure without specialised instrumentation. Therefore, in many examples,
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these parameters are assumed or selected from the literature. Third, this review focuses on
single-link, point-to-point FSO scenarios and does not consider multiple links and network-
level effects such as multi-hop relaying, interference, mobility management, or cross-layer
interactions in hybrid or adaptive systems.

10. Conclusions

In modern communication systems, high data rate, security and low latency are impor-
tant requirements. FSO communication is a potential technology that could be used to meet
these requirements, but its main challenge lies in relation to maintaining reliable connec-
tivity under varying atmospheric and alignment conditions. To evaluate the FSO system
performance under such conditions, this paper has reviewed and organised the mathe-
matical models commonly used in FSO system analysis. The reviewed models include PL,
TA, and PE. The PL models, such as Beer-Lambert, geometrical, and Kim-Kruse models,
are necessary for analysing the link margin and deterministic power reduction. Statistical
PDF-based TA models, including lognormal, Negative Exponential, K, Lognormal-Rician,
Gamma—-Gamma, and Malaga models, are well-suited to evaluate the link performance
under different turbulence conditions. Also, the PE models, namely geometric spread,
Hoyt, Beckmann, and AoA models, are essential for evaluating performance degradation
caused by misalignment. A numerical example was also presented to show how these
models can be combined in practice and to support a clearer understanding of the overall
FSO system modelling framework. Overall, this review provides a structured framework
for understanding, selecting, and combining FSO channel models, and it offers guidance
for system analysis across various environments. This framework is useful for early-stage
design, feasibility analysis, or comparative evaluation before deployment.
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Abbreviations

The following abbreviations are used in this manuscript:

AoA Angle of Arrival

AWGN  Additive White Gaussian Noise
BER Bit Error Rate

EW Exponentiated Weibull

F Fisher Snedecor

FoV Field of View

FSO Free-Space Optical

GG Gamma-Gamma Distribution
IM/DD  Intensity Modulation with Direct Detection
LN Lognormal

LoS Line of Sight

LR Lognormal-Rician

M Malaga Distribution

NE Negative Exponential
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NMSE Normalised Mean-Squared Error

PAT Pointing, Acquisition, and Tracking
PDF Probability Density Function

PE Pointing Error

PIN Positive Intrinsic Negative Photodiode
PL Path Loss

SI Scintillation Index

SNR Signal-to-Noise Ratio

TA Turbulence Attenuation

UAV Unmanned Aerial Vehicle
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