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Abstract

Free space optics will emerge alongside major communications technologies as an important
player in the field of wireless communications. This technology, like other technologies, has to
face the challenges caused by unstable and unfavorable atmospheric conditions that determine
the resulting quality of the transmitted signal. The paper is intended to determine the extent
of a deterioration of the transmitted signal during rainfall. The precipitation is simulated in
laboratory conditions, and the resulting knowledge of the droplet formation is transferred to a
mathematical model that helps simulate multiphase flow under given conditions.

Key Words: Free Space Optics, FSO, atmosphere, rain, precipitation, optical beam, modeling,
ANSYS, Fluent

Abstrakt

Optické bezvláknové spoje se v budoucnosti vyskytnou po boku majoritních komunikačních tech-
nologií jako důležitý hráč na poli bezdrátových komunikací. Tato technologie, stejně jako jiné
technologie, musí čelit výzvám pramenícím z nestálých a nepříznivých atmosférických podmínek,
které rozhodují o výsledné kvalitě přenášeného signálu. Tato práce má za úkol zjistit míru zhor-
šení přenášeného signálu během dešťových srážek. Srážkový úhrn je simulován v laboratorních
podmínkách a výsledné poznatky o tvorbě dešťových kapek jsou přeneseny do matematického
modelu, který napomáhá simulování vícefázového proudění v daných podmínkách.

Klíčová slova: bezvláknové optické spoje, FSO, atmosféra, déšť, srážky, optický svazek, mode-
lování, ANSYS, Fluent
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INTRODUCTION

Introduction

Today, the term "wireless" is connected mainly with radio frequency (RF) technologies as a
result of the deployment and utilization of RF systems spread all over the world. With the
growing popularity of a data-heavy wireless communication, the RF spectrum cannot cover the
increasing demand and other options have to be considered for the wireless communication, such
as using upper parts of the electromagnetic spectrum - the optical band of the spectrum.

Optical wireless communication is a dynamic research and development area that has gener-
ated a plenty of interesting solutions to complicated communication challenges. For example, a
high data rate, a high capacity and minimum interference links for both short-range and long-
range link in the order of millions of kilometers in the new mission to Mars and other solar
system planets. Optical wireless communication is one of the oldest methods that humanity has
used for a communication, but nowadays offers advantages such as a high bandwidth capacity,
robustness to the electromagnetic interference, inherent security, low power requirements and
unregulated spectrum.

Obviously, the data rate, quality of service delivered, and transceiver technologies employed
have improved from those early optical wireless technologies. In its many applications, these
kinds of communication links have already succeeded in becoming part of our everyday lives in
our homes and offices. Optical wireless products are already well familiar, ranging from visible-
light communication (VLC), TV (TeleVision) remote control, IrDA (Infrared Data Association)
ports to embedded systems and devices of all types, terrestrial and in-building optical wireless
Local Area Networks, a network of sensors, inter-satellite and inter-vehicle link applications.

This thesis is aimed at measuring of effects on the free space optical link in unfavorable
weather conditions - raining. The logic suggests that this atmospheric state has a negative impact
for a propagating optical beam. Its parameters based on the propagation can be extremely
influenced. The approach used here is, first, to set up a model of the interaction between an
optical wave and the atmospheric particles, especially water droplets.

It is possible to divide the work into two parts. For simulating these effects, special-designed
acrylate box with nozzles generating water droplets is used to simulate outside conditions as
realistically as possible. Testing and experimental measurement is the most important part of
the work to help to find out negative effects of conditions given and evaluate their influence on
optical beam parameters.

The second part is focused on a modeling in ANSYS Fluent, the computational fluid dynam-
ics (CFD) software. Values provided by measurement are set up as input parameters for the
multi-phase mathematical model created in this CFD software to discover critical concentrated
locations in laboratory conditions. Creating model for detection of critical areas helps to the
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better understanding of processes while rain condition has the main effects. The final model can
be used later for simulation of propagating optical beam in a different modeling software.
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1 Atmosphere

The atmosphere is a fluid composed of gases and particles whose physical and chemical properties
vary as a function of time, altitude, and geographical location. Although these properties can
be highly dependent upon regional conditions, many of the optical properties of the atmosphere
can be described to an adequate level by looking at the composition of so-called a standard
atmosphere [7].

The particulates present in the Earth’s atmosphere can be divided into two major classes:

• Constituents, i.e. the ones always present in any geographic location, though in variable
concentration. Constituents are typically the gases of the Earth’s atmosphere (N2, O2,
water vapor, and others).

• Components, i.e. particles that can be present in the Earth atmosphere under certain
weather conditions.

The density value, the size relative to the wavelength, and the probability of occurrence of
the different particulates are the key impact factors on the wave propagation [1].

1.1 Structure

The atmosphere can be divided into several layers (see Figure 1.1). It is commonly recognized
to divide it into troposphere, stratosphere, mesosphere, and thermosphere. Mesosphere and
thermosphere together can be also referred to as an ionosphere with a different structure based
on day and night [44].

1.2 Gas Concentration

The major optically active molecular constituents of the atmosphere are N2, O2, H2O, and
CO2, with secondary grouping of CH4, N2O, CO, and O3. The most concentrated gases of the
terrestrial atmosphere are shown in Table 1.1.

1.3 Temperature

The temperature of the atmosphere varies both with seasonal changes and altitude. The tem-
perature decreases significantly with altitude until the level of the stratosphere is reached where
the temperature profile has an inflection point. The U.S. Standard Atmosphere is one of six
basic atmospheric models developed by U.S. government; these different models furnish a good
representation of the different atmospheric conditions which are often encountered [7].
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Table 1.1: List of chosen molecular gases and their typical concentration for the ambient U.S.
standard atmosphere [7].

Molecule Concentration (Volume fraction)
N2 0.781
O2 0.209
H2O 0.0775
CO2 3.3 · 10-4

A 0.0093
CH4 1.7 · 10-6

N2O 3.2 · 10-7

CO 1.5 · 10-7

O3 2.66 · 10-8 (variable)

1.4 Pressure

The pressure of the atmosphere decreases with altitude due to the gravitational pull of the Earth
and the hydrostatic equilibrium pressure of the atmospheric fluid. The partial pressure of most
of the major gases (N2, O2, CO2, N2O, CO, and CH4) follows pressure profile shown in Figure
1.1. The concentration of water depends on the temperature due to freezing and is not uniformly
mixed in the atmosphere. The partial pressure of ozone also varies with altitude because it is
generated in the upper altitudes and near ground level by solar radiation [7].

Figure 1.1: Typical vertical profiles of pressure and temperature observed in the atmosphere [7].
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1.5 Components

In FSO, the most effective components are liquid and solid water particles. In propagation
studies, are typically classified between:

• suspend water particles (fog, haze, ice clouds and water clouds), and
• hydrometeors (rain, snow, graupel, and hail).

Other particles as pollutants are believed to play a marginal role even in highly polluted
city areas, as their concentration is not high enough to produce a significant reduction of the
visibility. The occurrence of smoke, desert dust, and volcanic ash is rare and/or accidental, hence
from the statistical point of view, they are not relevant unless in very specific conditions/sites
[1]. The diameter classification is shown in Figure 1.2.

Figure 1.2: Representative diameters of common atmospheric particles [1].
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2 Description of Light

The following section focuses on parts of the light description important for better understanding
light behavior in free space and for purpose of the thesis - geometrical and wave optics. Gaussian
beam as the basic beam model of a laser diode is described as well.

2.1 Geometrical Optics

Geometrical optics, also called ray optics, is the simplest, oldest and approximate theory of light.
The light is described by rays that travel in different optical media in accordance with a set of
rules. Ray optics obeys certain postulates [18].

• Light travels in the form of rays. The rays are emitted by light and can be observed when
they reach an optical detector.

• An optical medium is characterized by a quantity n ≥ 1, called the refractive index.
The refractive index n = c0/c where c0 is the speed of light in free space and c is the
speed of light in the medium. Therefore, the time taken by light to travel a distance
d is d/c = nd/c0. It is proportional to the product nd, which is known as the optical
pathlength.

• In an homogeneous medium the refractive index n(r) is a function of the position r =
(x, y, z). The optical pathlength along a given path between two points A and B is therefore
optical pathlength lo is given by

lo =
B∫

A

n(r)ds, (2.1)

where ds is the differential element of length along the path. The time taken by light to
travel from A to B is proportional to the optical pathlength.

• Fermat’s Principle. Optical rays traveling between two points, A and B, follow a path
such that time of travel (or the optical pathlength) between the two points is an extreme
relative to neighboring paths. This is expressed mathematically as

δ

B∫
A

n(r)ds = 0, (2.2)

where δ, which is read "the variation of", means that the optical pathlength is either
minimized or maximized, or is a point of inflection. It is, however, usually a minimum, in
which case the light rays travel along the path of least time.
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2.1.1 Reflection and Refraction

At the boundary between two media of refractive indexes n1 and n2 an incident ray is split into
two - a reflected ray and a refracted (or transmitted) ray. The reflected ray obeys the law of
reflection, where the reflected ray lies in the plane of incidence and the angle of reflection equals
the angle of incidence. The refracted ray obeys the law of refraction, expressed by Snell’s law
(Equation 2.3). The angle of the refracted ray depends on refractive indexes of both media [18].

n1 sin θ1 = n2 sin θ2 (2.3)

Figure 2.1: Snell’s law at the boundary between two media.

2.2 Wave Optics

Light propagates in the form of waves. The wave theory encompasses and extends the geometri-
cal theory. Geometrical optics is the limit of wave optics when the wavelength is infinitesimally
short. In free space, light waves travel with a constant speed approximately c0 = 299 700 km.s-1.
The range of optical wavelengths contains several regions [18]:

• infrared (0.75 to 1000 µm [47]),
• visible (380 to 750 nm),
• ultraviolet (10 to 380 nm).
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Figure 2.2: Visible part of the electromagnetic spectrum.

2.2.1 Mathematical Description

An optical wave is described mathematically by a real function of position r = (x, y, z) and time
t, denoted u(r, t) and known as the wave function. It satisfies a partial differential equation
called the wave equation

∇2u − 1
c2

δ2u

δt2 = 0, (2.4)

where ∇2 is the Laplacian operator which is ∇2 = δ2/δx2 + δ2/δy2 + δ2/δz2 in Cartesian
coordinates. Any function that satisfies Equation 2.4 represents a possible optical wave. At the
boundary between two different media, the wave function changes in a way that depends on
their refractive indexes [18].

2.2.2 Complex Refractive Index

In a medium of refractive index n, light waves travel with a reduced speed [18]

c = c0
n

. (2.5)

When light passes through a medium, some part of it will always be attenuated. This can be
conveniently taken into account by defining a complex refractive index [49]

n = ν + iκ, (2.6)
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where the real part ν is the refractive index and indicates the phase velocity, and the imaginary
part κ is called the extinction coefficient — although it can also refer to the mass attenuation
coefficient and indicates the amount of attenuation when the electromagnetic wave propagates
through the material.

2.2.3 Monochromatic Waves

A monochromatic wave is represented by a wave function with harmonic time dependence [18]

u(r, t) = a(r) cos [2πνt + ϕ(r)] , (2.7)

U(r, t) = a(r) exp [jϕ(r)] exp(j2πνt), u(r, t) = Re {U(r, t)} , (2.8)

where a(r) is amplitude, ϕ(r) is phase, ν is frequency in Hz or cycles/s, ω = 2πν is angular
frequency in radians.s-1, and T = 1/ν is period in seconds. The equation 2.8 is known as
complex wavefunction, it describes the wave completely, where part a(r) exp [jϕ(r)] is referred
to as complex amplitude of the wave. The wavefunction u(r, t) is the real part of the complex
wavefunction U(r, t).

Both the amplitude and phase are generally position dependent, but the wavefunction is a
harmonic function of time with frequency ν at all positions. Optical waves have frequencies that
lie in the range 3 · 1011 to 3 · 1016 Hz (see Figure 2.2).

In Figure 2.3 is shown a representation of such a wave. The case (a) represents the wave
function u(t) as a harmonic function of time. The complex amplitude U = α exp(jϕ) is a fixed
phasor - case (b). The complex wave function U(t) = exp(j2πνt) is a phasor rotating rotating
with angular velocity ω = 2πν radians/s - case (c).

(a) (b) (c)

Figure 2.3: Representation of a monochromatic wave at a fixed position r.
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As a monochromatic wave propagates through media of different refractive indexes its fre-
quency remains the same, but its velocity, wavelength, and wave number are changed [18]:

c = c0
n

, λ = λ0
n

, kN = nk0, (2.9)

and
λ = c

ν
, kN = 2π

λ
, (2.10)

where λ is called the wavelength and kN is wave number. The representation of the electric and
magnetic part of the wave is shown in Figure 2.4. There are several elementary wave types we
can distinguish between plane, spherical, paraboloidal and paraxial wave [18].

Figure 2.4: Representation of the real components of the electric and magnetic fields along the
direction of propagation.

2.3 Gaussian Beam

The Gaussian beam is the basic type of the optical beam, mainly coming from a laser diode.
The intensity distribution in the transverse plane corresponds to a circularly symmetric Gaussian
function. Optical axis is the axis of symmetry [8].

2.3.1 Characterization

A simple free-space Gaussian beam wave model with parabolic wavefront phase envelope allows
a complete characterization of the focusing or diverging characteristics of a laser beam. At
z = 0 the free-space electric field of a unit amplitude, lowest-order paraxial Gaussian beam
propagating predominantly along the z-axis can be represented in the form [28]

U(ρ, 0) = exp
[
−
( 1

w2
0

+ jk

2R0

)
ρ2
]

, (2.11)

29



DESCRIPTION OF LIGHT

where w0 is the transmitter beam radius (beam size), R0 is the radius of curvature of the phase
front, kN is the optical wave number (Equation 2.10), and ρ = (x2 + y2)1/2 is a transversal
distance from the beam center.

Intensity can be described as [8]:

I(ρ, z) = I0

(
w0

w(z)

)2
exp

(
−2 ρ2

w2(z)

)
, (2.12)

where I0 is maximum intensity, w0 is a beam half width (in z = 0), w(z) is a beam half width
in axial distance z (see Figure 2.6). This is valid if distance r is radial.

The beam radius varies along the propagation direction according to

w(z) = w0

√
1 +

(
z

zR

)2
, (2.13)

where zR is the Rayleigh length

zR = πw2
0

λ
. (2.14)

Figure 2.5: Gaussian beam intensity [45].

The full width at half maximum (FWHM) of the intensity profile is ≈1.18 times the Gaussian
beam radius w(z) and 1/e2 is assumed as a diameter of the beam, half width respectively (see
Figure 2.5). Half width increases with an increasing axial distance. This is called divergence.
For divergence angle in a half width is used following formula:

θ = λ

2πw0
. (2.15)
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Figure 2.6: Intensity profile changes with propagation distance [45].

2.3.2 Propagation Through Optical System

For the practical use of laser beams, their spatial transformation is important in optical systems,
when the beam travels through the composed system (Figure 2.7).

Figure 2.7: Composed optical system.

The description of the bundle transformation can be advantageous using the matrix method
used in geometrical optics. Equation with the ray transfer matrix MT is in a form [46]

[
x2

θ2

]
=
[
A B

C D

] [
x1

θ1

]
, (2.16)

Figure 2.8: Ray transfer matrix input parameters visualization for a lens.

where input ray is given by x1 distance and angle θ1 and output by x1 and θ2 as shown in
Figure 2.8. A, B, C and D are parameters based on a given type of optical object the beam
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comes in. For a sphere interface (a case of a water droplet with a given radius of curvature R

and refractive indexes n1 and n2), the matrix has following values [46] (described in Figure 2.9):

Refraction: MT =
[

1 0
(n1 − n1)/R 1

]
, Reflection: MT =

[
1 0

2n1/R 1

]
. (2.17)

Figure 2.9: Refraction on a spheric interface.

For a composed systems, a final transfer matrix M is a multiple of all matrices [46]:

MT = MN MN−1 · · · M2M1. (2.18)
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3 Propagation of Light in the Atmosphere

An optical wave propagating in an unguided medium such as atmosphere has to go through
many constituents such as the molecules and aerosols. These constituents cause the optical
wave to get scattered and absorbed which in turn results in the degradation and attenuation of
received optical signal [10].

The atmospheric attenuation is one of the challenges of the FSO channel, which may lead
to signal loss and link failure. The atmosphere not only attenuates the light wave but also
distorts and bends it. Transmitted power of the emitted signal is highly affected by scattering
and turbulence phenomena. Attenuation is primarily the result of absorption and scattering by
molecules and particles (aerosols) suspended in the atmosphere. Distortion, on the other hand,
is caused by atmospheric turbulence due to the index of refraction fluctuations. Attenuation
affects the mean value of the received signal in an optical link whereas distortion results in
variation of the signal around the mean [26].

It is common to separate the interaction with the atmosphere into distinct optical phenom-
ena: molecular absorption, scattering, turbulence and molecular emission. This chapter will
focus on general temperate weather conditions, see Section 6 to found out information about
rainy conditions.

3.1 Beer-Lambert Law

The transmission of an optical monochromatic light beam through the atmosphere can be ex-
pressed by the Beer (also known as Beer-Lambert) law [7]:

I(λ, t
′
, x) = I(λ, t, 0) exp

(
−
∫ x

0
κ(λ)N(x′

, t)dx
′
)

, (3.1)

where I(λ, t
′
, x) is the intensity of the optical beam after passing through a path length of x,

κ(λ) is the optical attenuation or extinction coefficient of the species per unit of species density
and length, and N(x, t) is the spatial and temporal distribution of the species density that
is producing the absorption, λ is the wavelength of monochromatic light, and the parameter
time t

′ is inserted to remind one of the potential propagation delay, N(x, t) which indicates the
spatial and temporal variability of the concentration of the attenuating species since in many
experimental cases such variability may be dominant. κ(λ) uses formula

κ(λ) = κa(λ) + κR(λ) + κM (λ), (3.2)

where κa(λ) represents absorption contribution, κR(λ) contribution of Rayleigh scattering and
κM (λ) contribution of Mie scattering [7].
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3.2 Beam Transmittance

The attenuation experienced by the optical signal when it passes through the atmosphere can
be quantified in terms of optical depth τ which correlates with power at the receiver PR and the
transmitted power PT as the atmospheric transmittance [47]:

Ta = PR

PT
= exp(−τ), (3.3)

which comes from Beer’s law. Optical depth is defined in the same way by [48]:

τ(λ) =
L∫

0

κ(λ)dL = κ(λ)L, (3.4)

where L is the transmission distance in km and κλ is the total attenuation coefficient (from
Equation 3.2):

κ(λ) = κam(λ) + κMm(λ) + κRm(λ) + κaα(λ) + κMα(λ) + κRα(λ), (3.5)

where κam and κMm, κRm are the molecular absorption and Mie with Rayleigh scattering
coefficients of atmosphere, respectively, and κaα and κMα, κRα are the absorption and Mie with
Rayleigh scattering coefficient of aerosol, respectively.

3.3 Absorption

The absorption of the optical radiation by atmospheric molecules is associated with individual
optical absorption transition between the quantized energy level of the molecule. The energy
levels of a molecule can usually be separated into those associated with:

• rotational (far-IR, microwave spectral region),
• vibrational (near-IR region, means 2 to 20 µm wavelength), or
• electronic energy states (UV-visible region).

Transitions can combine with each other. The overall absorption can be expressed by

κa(λ)N(x, t) = Sg(v − v0)NPa, (3.6)

where S is the molecular transition line intensity in cm/molecule, g(v − v0) is the normalized
line shape function in cm, N is the number of molecules of absorbing species per cm3 per atm,
and Pa is the partial pressure of the absorbing gas in atm [7].
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Absorption coefficient α is defined at [11] by:

α = σNC , (3.7)

where σ is cross section (km2) and NC is the concentration of the absorbing particles (1/km3).
In particular, in terrestrial FSO, water vapor and carbon dioxide play the major role.

The corresponding path attenuation depends on the concentration of the absorber and on the
atmospheric conditions [1]. Atmospheric transmittance with marked absorbers are presented in
figure 3.1. The atmospheric absorption is a wavelength-dependent phenomenon. The wavelength

Figure 3.1: Absorption of the atmosphere components [8].

range of FSO is chosen to be affected as less as possible, in other words, to have minimal
absorption. This is referred to as atmospheric transmission windows. In such a window, the
attenuation due to molecular or aerosol absorption is less than 0.2 dB/km. There are several
transmission windows within the range of 700–1600 nm. Majority of FSO systems are designed
to operate in the windows of 780–850 and 1520–1600 nm [47]. Practically gas absorption has
little impact on terrestrial links in the near-IR windows, whereas it exhibits somewhat higher
values in the mid-IR (Table 3.1).
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Table 3.1: 10.6 µm attenuation (in dB) due to gas over a horizontal 1 km path at sea level [1].

Atmospheric conditions Water vapor CO2

Summer high-latitude (14 ◦C, 1008 hPa, 9 mm of H20) 0.3 0.3
Winter high-latitude (−16 ◦C, 1011 hPa, 1 mm of H20) 0.0 0.1
Summer mid-latitude (22 ◦C, 1013 hPa, 14 mm of H20) 0.9 0.3
Winter mid-latitude (0 ◦C, 1019 hPa, 4 mm of H20) 0.0 0.2
Low-latitude (27 ◦C, 1012 hPa, 20 mm of H20) 1.7 0.4

3.4 Scattering

When light travels through any medium, its waveform gets distorted by the particles of this
medium causing a loss of signal. It is different than absorption since the energy is redistributed
rather than absorbed. It can be understood as a redirection or redistribution of light that can
lead to a significant reduction of received light intensity at the receiver location. The intensity
of the scattering depends on the size of the particles (scatterers) [11]. Each type can be divided
into one of these type of scattering [7]:

• Elastic scattering. It does not cause shift of wavelength of incident light (i.e. Mie, Rayleigh
scattering).

• Inelastic scattering. It causes shift of wavelength of incident light (i.e. Raman scattering).

Section 3.4 focuses on the elastic scattering description.

3.4.1 Rayleigh Scattering

Rayleigh scattering is scattering of the optical radiation due to the displacement of the weakly
bound electronic cloud surrounding the gaseous molecule which is perturbed by the incoming
electromagnetic (optical) field. A wavelength of the incoming light is much larger than the
physical size of the scatterers. For instance, this phenomena makes the color of thy sky blue
and the setting or rising sun red. The Rayleigh differential scattering cross section for polarized,
monochromatic light is given by [7]:

dσR

dΩ =
[

π2(n2 − 1)2

N2λ4

] [
cos2 φ cos2 θ + sin2 φ

]
, (3.8)

where n is the index of refraction of the atmosphere, N is the density of molecule, λ is the
wavelength of the optical radiation, and φ and θ are the spherical coordinate angles of the
scattered polarized light referenced to the direction of the incident light. This equation defines
that shorter-wavelength light is more scattered out from a propagating beam than the longer
wavelengths.
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Total Rayleigh scattering cross section can be determined from Equation 3.8 by integrating
over 4π steradians to yield [7]:

σR =
[8

3

] [
π2(n2 − 1)2

N2λ4

]
. (3.9)

Another approach to obtain value of molecular coefficient can be found in [27]:

σR(λ) = Aλ−4, (3.10)

A = 1.09 · 10−3 PA

P0

T0
TA

(km−1µm4), (3.11)

where PA is the atmospheric pressure and P0 = 1013 mbar and TA is the atmospheric temperature
and T0 = 273.15 K.

3.4.2 Mie Scattering

Mie scattering is similar to Rayleigh scattering, but appears in an environment with scatterer’s
size same or similar as the wavelength of the incident light. The scattered radiation experiences
more complex functional dependences upon the the optical wavelength and particle size distri-
bution than that seen for Rayleigh scattering. As seen in Figure 3.2, Mie’s analysis indicated
the clear asymmetry between the forward and backward directions of scattering, where for large
particle sizes the forward-directed scattering dominates [7].

Different type of scattering, their originator and given conditions according to Recommen-
dation ITU-R [6] are shown in table 3.2.

Table 3.2: Scattering regimes depending on the scatter, wavelength λ and attenuation coefficient
κ(λ).

Rayleigh scattering Mie scattering Non-selective or
geometric scattering

Conditions r ≪ λ
κ(λ) ∼ λ−4

r ≈ λ
κ(λ) ∼ λ−1.6

to κ(λ) ∼ λ0

r ≫ λ
κ(λ) ∼ λ0

Type of scatter Air molecules
Haze

Haze
Fog

Aerosol

Fog
Rain
Snow
Hail
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The scattering coefficient can be evaluated according following formula based on visibility
and wavelength [27]:

βn(λ) = 3.91
V

(
λnm

550

)−Q

, (3.12)

where V is the visibility in km, λnm is the wavelngth in nm, Q is a factor which depends in the
scattering particle size distribution:

• 1.6 for large visibilty (V > 50 km),
• for mean visibility (6 < V < 50 km),
• 0.585 V 1/3 for low visibility (V < 6km).

3.4.3 Non-Selective Scattering

The final scattering mechanism is called the non-selective scattering. This occurs when the
particles are much larger than the wavelength of the radiation. Water droplets and large dust
particles can cause this type of scattering. Non-selective scattering gets its name from the
fact that all wavelengths are scattered about equally, not only certain "colors". This type of
scattering causes fog and clouds to appear white to our eyes because blue, green, and red light
are all scattered in approximately equal quantities (blue, green and red light are components of
the white light) [9].

Figure 3.2: Patterns of Rayleigh, Mie and non-selective scattering [12].

3.5 Molecular Emission and Thermal Spectral Radiance

The same optical molecular transition that causes absorption also emit light when they are
thermally excited. Since the molecules have a finite temperature T , they will act as blackbody
radiators with optical emission. The thermal radiation from the clear atmosphere involves the
calculation of the blackbody radiation emitted by each elemental volume of air multiplied by the
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absorption spectral distribution of the molecular absorption lines, κa(s) and then this emission
spectrum is attenuated by the rest of the atmosphere as the emission propagates toward the
viewer. It is expressed by:

Iv =
s∫

0

κa(s)Pν(s)exp

⎡⎣−
s∫

0

κa(s′)ds′

⎤⎦ ds, (3.13)

where the exponential term comes from Beer’s law, and Pv(s) is the Planck function given by

Pv(s) = 2hν3

c2exp(
[

hν
kT (s)

]
− 1)

. (3.14)

In equations, s is the distance from the receiver along optical propagation path, ν is the optical
frequency, h is Planck’s constant, c is the speed of light, k is Boltzmann’s constant, and T (s) is
the temperature at position s along the path. As seen in Equation 3.13, each volume element
emits thermal radiation κa(s)Pν(s), which is then attenuated by Beer’s law. The total emission
spectral density is obtained by summing or integrating over all the emission volume elements
and calculating the appropriate absorption along the optical path for each element [7].

3.6 Turbulences

Besides the effect of the constituents, the refractive index at each point in the medium varies
randomly in time due to the circulation of air in the atmosphere causing variable refractive
index. This is simply known as the turbulence [10].

In a general point of view, the atmosphere can be described as a viscous fluid that has two
distinct states of motion, i.e. laminar and turbulent. In case of turbulent flow, the velocity loses
its uniform characteristics due to dynamic mixing and acquire random sub-flows called turbulent
eddies. The transition from laminar to turbulent motion is determined by the nondimensional
quantity called Reynolds number, discussed in Section 7.1.1 [47].

Atmospheric turbulence is developed mainly by the fluctuation in the temperature, pressure,
and humidity but dominated by temperature fluctuations. The overall effect of turbulence on the
received optical signal is composed of the wavelength, λ, link length, L, the structure constant,
C2

n (a measure of how large the refractive index fluctuations are) [10].
The measure of turbulence strength in the atmosphere is given by the plane wave scintillation

index described in following section.
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3.6.1 Methods of Description

In the evaluation of turbulences effects, the random medium is modeled by eddies of various sizes
in the continuum form. The eddies can be though of lenses. The random medium is composed
of continuum of lenses starting from a minimum scale size known as the inner scale of turbulence
to the maximum scale known as the outer scale of turbulence. The optical wave propagating in
this continuum of lenses faces reflection, refraction, scattering diffraction and interference which
in turn results in the fluctuations of the amplitude and the phase of the optical wave. The effect
of the eddies of all scale sizes are integrated in the power spectrum model of turbulence [10].

The Kolmogorov mathematical model (Figure 3.3) of the atmospheric turbulence and its
effects on the optical beam propagation assumes that the fluctuations in the atmospheric pa-
rameter are stationary random processes having statistically homogeneous nature. The structure
function in the inertial range satisfies the universal two-thirds power law, i.e., it follows r2/3 de-
pendence, where r refers to the spatial scale defined as:

r = |r⃗1 − r⃗2|, l0 ≤ r ≤ L0, (3.15)

where r⃗1 and r⃗2 refer to position vectors at two points separated by distance r in space.

Figure 3.3: Kolmogorov model where L0 and l0 are the outer and inner scale of turbulent eddies,
respectively [47].

3.6.2 Scintillation

If the eddy size is of the order of beam size, then the eddies will act like a lens that will focus
and de-focus the incoming beam and broaden the beam leading to irradiance fluctuations at the
receiver and the process is called scintillation. Scintillations cause the loss of signal-to-noise ratio
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and result in deep random signal fades. The effect of scintillation can be reduced by employing
techniques like multiple transmit/receive antennae, aperture averaging, etc. [10], [47].

Scintillation may be the most noticeable one for FSO systems. Light traveling through
scintillation will experience intensity fluctuations, even over relatively short propagation paths.
The scintillation index, σ2

i describes such intensity fluctuation as the normalized variance of the
intensity fluctuations given by [26]:

σ2
i = ⟨I2⟩

⟨I⟩2 − 1, (3.16)

where I = |E|2 represents the signal irradiance (or intensity). Scintillation index for plane waves
comes from Rytov approximation and is known as

σ2
i = 1.24C2

nk7/6L11/6, (3.17)

(seen with 1.23 constant as well) where kN is the wave number (Equation 2.10). Turbulent regime
in the atmosphere is weak, moderate, strong and extremely strong when σ2

i is ≪ 1, ∼ 1, > 1 and
≫ 1, respectively [10].

Rytov approximation is one of the approximations, a value of attenuation caused by turbu-
lences can be expressed by [8]:

γ = 2 ·
√

23.17C2
nk7/6L11/6. (3.18)

The expression for the variance for large fluctuations is as follows [29]:

σ2
high = 1.0 + 0.86(σ2

i )−2/5. (3.19)

3.6.3 Beam Wander

If the size of eddies are larger than the transmitter beam size, it will deflect the beam as a
whole in a random manner from its original path (Figure 3.4). This phenomenon is called beam
wander, and it effectively leads to pointing error displacement of the beam that causes the beam
to miss the receiver [47].

So far, many papers has focused on the analytical expression of beam wandering. For a beam
in the presence of large cells of turbulence compared to the beam diameter, geometrical optics
can be used to describe the radial variance σr, as a function of wavelength and distance L by
[29] as follows:

σr = 1.83C2
nλ−1/6L17/6. (3.20)
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Figure 3.4: Deviation of a beam under the influence of turbulence cells larger than the beam
diameter [27].

3.6.4 Incoherent Beam

When a coherent laser source beam wave propagates through turbulence, its coherence property
is distributed that makes the beam much less coherent. In other words, coherence radius of the
beam, which is defined as the radius of the area over which the optical field remain correlated,
becomes smaller as the beam propagates in the turbulent medium [10].

3.6.5 Beam Spreading

If the eddy size is smaller than the beam size, then a small portion of the beam will be diffracted
and scattered independently. This will lead to a reduction in the received power density and
will also distort the received wavefront (Figure 3.5). However, the effect of turbulence-induced
beam spreading will be negligible if the receiver aperture diameter is kept greater than the size
of first Fresnel zone1 √R/k. In this case, the only effect will be due to turbulence-induced beam
wander effect and scintillation effect [47].

Beam spreading describes the broadening of the beam size at a target beyond the expected
limit due to diffraction as the beam propagates in the turbulent atmosphere. The following
description is in the case of a Gaussian beam, at a distance l from the source, when the turbulence
is present. Then the irradiance of the beam averaged in time is:

I(l, r) = 2P0
πω2

eff (t)exp

(
−2r2

ω2
eff (t)

)
, (3.21)

where P0 is total beam power in W and r is the radial distance from the beam center.
1Concentric prolate ellipsoidal regions of space between and around a transmitting and receiving system.
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The beam will experience a degradation in quality with a consequence that the average beam
waist in time will be ωeff (l) > ω(l). To quantify the amount of beam spreading, describes the
effective beam waist average as:

ωeff (l)2 = ω(l)2(1 + T ), (3.22)

where ω(l) is the beam waist that after propagation distance L is given by:

ω(l)2 =
[
ω2

0 +
( 2L

kω0

)2
]

(3.23)

In which ω0 is the initial beam waist at L = 0, T is the additional spreading of the beam
caused by the turbulence. As seen in other turbulence figure of merits, T depends on the strength
of turbulence and beam path. Particularly, T for horizontal path, one gets:

T = 1.33σ2
i Λ5/6, (3.24)

where

Λ = 2L

kω2(t) . (3.25)

The effective waist, ωeff (l), describes the variation of the beam irradiance averaged over long
term.

As seen in other turbulence figure of merits, ωeff (l)2 depends on the turbulence strength
and beam path. Due to the fact that ωeff (l) > ω(l) beam will experience a loss that at beam
center will be equal [26]:

LBE = 20 log
(

ω(l)
ωeff (l)

)
. (3.26)

Final result effect of small and big turbulences are shown in Figure 3.6.

3.6.6 Other Effects

Degradation of the optical beam wave due to turbulence arises due to the random fluctuations
of the phase as well which cause the phase front of the optical wave get distorted. The phase
fluctuations also become the reason for the angle of arrival fluctuations. Large angle of arrival
fluctuations degrades the reception of the optical signal especially when the field of view of the
receiver is narrow [10].

Turbulence also has an effect on the effective radius of curvature of the optical beam that
degrades the focusing of the beam on the required spot. Other parameters which are degraded
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Figure 3.5: Deviation of a beam under the influence of turbulence cells smaller than the beam
diameter [27].

Figure 3.6: Effects of various sized constituents on a laser beam propagation [27].

by the presence of turbulence are the propagation factor, also known as the M2 factor, being
regarded as a beam quality factor [10].

3.7 Geometric Losses

The geometric path loss for an FSO link depends on the beam-width of the optical transmitter θ,
its path length L and the area of the receiver aperture Ar. The transmitter power, Pr is spread
over an area of π(Lθ)2/4. The geometric loss is the ratio of the surface area of the receiver
aperture to the surface area of the transmitter beam at the receiver. Since the transmit beams
spread constantly with increasing range at a rate determined by the divergence, geometric loss
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depends primarily on the divergence as well as the range and can be determined by the formula
stated as [26]:

Loss = d2
2

|d1 + (Lθ)|2
, (3.27)

where d2 is the diameter receiver aperture (unit: m), d1 is the diameter transmitter aperture
(m) and θ is the beam divergence (mrad).

According to [27], the loss is given by

Loss =
π
4 (dθ)2

Scapture
, (3.28)

where d is the transmitter - receiver distance and Scapture is the capture area of the receiver (m2).
Geometric path loss is present for all FSO links and must always be taken into consideration in
the planning of any link. This loss has a fixed value for a specific FSO deployment scenario; it
does not vary with time, unlike the loss due to rain attenuation, fog, haze or scintillation [26].

3.8 Total Attenuation

The total attenuation is a combination of atmospheric attenuation in the atmosphere and geo-
metric loss (atmospheric turbulence excluded) and is given by the following equation [26]:

Pr

Pt
= d2

2
|d1 + (Lθ)| exp(−βL), (3.29)

where Pt is the transmitted power, Pr is the received power, and β is the total scattering
coefficient.

3.9 Visibility Runway Visual Range

Visibility was defined originally for meteorological needs. It defined as (Kruse model) means of
the length where an optical signal of 550 nm is reduced to 2% of its original value. However, this
estimation is influenced by many subjective and physical factors. The essential meteorological
quantity, namely the transparency of the atmosphere, can be measured objectively and it is
called the Runway Visual Range (RVR) or the meteorological optical range [26].
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4 Free Space Optical Communication

Free space optical systems are terrestrial point-to-point OWC (Optical Wireless Communication)
system operating at the near IR frequencies. These systems offer a cost-effective link with data
rates, i.e. 10 Gbps per wavelength. FSO links face a number of challenges that will affect its
wide usage. These challenges are related to the atmospheric conditions (fog, turbulence, and
rain - which is a topic of this thesis), which will affect the link availability at all times. FSO
can be also used in indoor environments (i.e. big organizations) to provide high bandwidth
connectivity in multi-point scenarios [1].

4.1 General Description

FSO is a line-of-sight2 technology that uses lasers to provide optical bandwidth connections or
FSO is an optical communication technique that propagates the light in free space means air,
outer space, vacuum, or something similar to wirelessly transmit data for telecommunication
and computer networking. FSO is capable to transfer data, voice and video communications
through the air, allowing optical connectivity without requiring fiber-optic cable or securing
spectrum licenses.

It operates between the 700 – 1600 nm wavelengths bands and use O/E3 and E/O converters.
FSO requires light, which can be focused by using either light emitting diodes (LEDs) or LASERs
(light amplification by stimulated emission of radiation). The use of lasers is a simple concept
similar to optical transmissions using fiber-optic cables; the only difference is the transmission
media. Light travels through air faster than through glass, so it is able to classify FSO as optical
communications at the speed of light. FSO communication is considered as an alternative to
radio relay link LOS communication systems.

4.2 Optical Wireless Channel

FSO communication consists three stages (Figure 4.1):

• transmitter usually considered as an optical source 1-laser diode (LD) or 2-light emitting
diode (2-LED) to send of optical radiation through the atmosphere obeys the Beer-Lambert
law 3.1,

• free space transmission channel where exist the turbulent eddies (cloud, rain, smoke, gases,
temperature variations, fog and aerosol), and

• receiver to process the received signal.
2LOS - a method based on waves traveling in a direct path from the source to the receiver
3Optical/Electrical

46



FREE SPACE OPTICAL COMMUNICATION

Typical links are between 300 m and 5 km (in troposphere), although longer distances can be
deployed such as 8 – 11 km are possible depending on the speed and required availability [26].
Nowadays, it is possible to reach bit rates around Gbps for short distances (a few kilometers)
[8]. An example of the structure of FSO equipment is shown in Figure 4.2 containing receiving
and transmitting part for a duplex (two-way) communication.

Figure 4.1: Terrestrial FSO block diagram.

4.2.1 Optical Sources

The transmission wavelength is correlated with one of the atmospheric windows. Suitable at-
mospheric windows are around 850 nm and 1550 nm in the shorter IR wavelength range. In
the longer IR spectral range, some wavelength windows are present between 3–5 micrometers
(especially 3.5–3.6 micrometers) and 8–14 micrometers. The availability of suitable light sources
in these longer wavelength ranges is pretty limited. In addition, most sources need low tem-
perature cooling, which limits their use in commercial telecommunication applications. Other
factors that impact the use of a light source include price and availability of commercial com-
ponents, transmission power, lifetime, modulation capabilities, eye safety, physical dimensions
and compatibility with other transmission media such as fiber [26].

Electrical input is a network traffic into pulses of invisible light representing 1s and 0s. The
transmitter, which consists of two main parts: an interface circuit and source driver circuit,
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Figure 4.2: Example of equipment for FSO link [8].

converts the input signal to an optical signal suitable for transmission. The drive circuit of the
transmitter transforms the electrical signal to an optical signal by varying the current following
through the light source. The information signal modulates the field generated by the optical
source. The modulated optical field then propagates through a free-space path before arriving
at the receiver [20].

The optical part of the transmitter involves source and a telescope assembly. The telescope
can be designed by using lenses or a parabolic mirror. The telescope narrows the beam and
project it towards the receiver. In practical applications, the beam divergence if the transmission
beam varies between a few hundred microradiants and a few miliradiants [29].

4.2.2 Optical Detectors

The transmitted light is picked up at a receiver side by using a lens or a mirror. The received
light is focused on a photodetector. For practical purposes, the projected beam size at the
receiving end is much larger than the size of receiving optics and part of the light energy is lost
[29].

In the receiver side, transmitted data realizes inverse operations i.e., photo detector converts
the optical signal back into an electrical form. In other words, a receiver at the other end of the
link collects the light using lenses and/or mirrors. Received signal converted back into fiber or
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copper and connected to the network. Reverse direction data transported the same way (full
duplex) [20].

Photodetectors (the most used types of detectors in FSO are PIN diodes and Avalanche
Photo Diodes) made of semiconductors are either photoresistances, current or voltage generators.
When they are illuminated, the values of the resistance, the current or the voltage depend on
the incident radiant power. In the case of semiconductor devices, a part of the incident power
is absorbed in the detector volume: each photon whose energy is higher or equal to the energy
band gap is absorbed and dissociated a pair of carriers. An electron and a hole are therefore
released in the conduction and the valence bands respectively [27]:

Ephotonabsorbed = hν ≥ 1.24
λ

, (4.1)

where E unit is eV and h is Planck’s constant.

4.3 Signal Link Calculation

To be able to transmit data through any communication channel, signal link values has to be
count as the most valuable part of developing the channel. For FSO systems, the basics obey
[47]:

PR = PT (GT νT νT P )
(

λ

4πR

)2
(GRνRνλ), (W) (4.2)

where

• PR - signal power at the input of photodetector,
• PT - transmitter power,
• νT and νR - efficiences of transmitter and receiver optics, respectively,
• GT - gain of the transmitting optics,
• GR - gain of the receiving optics,
• νT P - transmitter pointing loss,
•
(

λ
4πR

)2
space loss where R is the link distance, and

• νλ narrowband filter transmission factor.

For link calculation, link margin is also used for expressing of required input power [27].

4.4 Modulation Schemes

The modulation schemes can be divided into two categories: baseband intensity modulation and
subcarrier intensity modulation. The most used method used for the detection of the optical
signal is direct detection. When the intensity-modulated signal is detected by a direct detection
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receiver, the scheme is known as intensity-modulated/direct detection (IM/DD) and is common
in FSO systems [47].

In a subcarrier intensity modulation (SIM) scheme, the radio-frequency (RF) electrical sub-
carrier signal is pre-modulated with the information signal. The electrical subcarrier can be
modulated using any modulation scheme like binary PSK, QAM etc. (discussed in this section).

In FSO, we can often meet with On-Off keying, Pulse-Position Modulation (PPM), Phase-
Shift Keying (PSK), Quadrature amplitude modulation (QAM) and their derivation. The
overview is shown in Figure 4.3.

Figure 4.3: Modulation techniques used in FSO [47].

4.4.1 On-Off Keying

The dominant form of signaling used in optical communication systems was On-Off keying
(OOK), because the transmitter and receiver hardware is relatively simple and fiber optic net-
works generally operate at high signal-to-noise ratios with small dynamic range requirements
and well-controlled signal levels at the receivers. OOK is a form of intensity modulation in
which binary information is represented by the presence or absence optical signal energy within
the symbol. At the receiver, the "1" or "0" logical decision is determined by the received symbol
energy being above or below a predetermined threshold. The optimum threshold balances the
probability of 0 and 1 errors, and is dependent on the received signal power and noise statistics
[28]. Non-return-to-zero (NRZ) and return-to-zero (RZ) line codes - encoding mechanisms of
OOK are shown in Figure 4.4.

4.4.2 Pulse Position Modulation

Pulse position modulation (PPM) is a modulation technique mainly to increase transmission
efficiency in the FSO systems. PPM is an orthogonal baseband modulation technique and has
been studied extensively in optical communications for its superior power efficiency compared to
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Figure 4.4: OOK modulation - NRZ and RZ line codes.

any other baseband modulation techniques. The technique can improve the power efficiency of
OOK, but at the expense of an increased bandwidth requirement and greater complexity. The
factor of superior power efficiency makes it well suited for handheld devices which requires low
consumption [30].

Figure 4.5: Representation of an information bit 10110001 for a 4-PPM format. PPM pulse
position modulation.

In this scheme, a PPM symbol consists of a single pulse of one slot duration within L (= 2M

where M > 0 is an integer) possible time slots with the remaining slots being empty. Information
is sent by transmitting a non-zero optical intensity in a single time slot, while other slots remain
dark. Each block of log2 M data bits is mapped to one of M possible symbols [30]. An example
of the representation of an information bit 10110001 for 4-PPM is shown in Figure 4.5.
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4.4.3 PSK, ASK and QAM

The general principle of quadrature modulation used with M-ary PSK and M-ary QAM can be
generalized to include both amplitude and phase modulation. Based on diversion of these parts,
we talk about phase shift keying and amplitude shift keying. To combine advantages of both
approaches, the quadrature amplitude modulation was introduced [39].

Figure 4.6: PSK/ASK transforming to I/Q plane for sine wave [40].

Figure 4.7: QPSK sampling.

Figure 4.8: QPSK sampling - final wave shapes for given bits [41].

Change phase and amplitude are shown in Figure 4.6. The received signal is captured in
a form of I/Q (constellation) diagram. If the wave varies in amplitude A or φ component, the
resulting data point changes its place in the diagram. For instance, quadrature phase shift keying
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(QPSK) modulation format is able to transmit two bits due to four available states caused by
changing the phase (Figures 4.7 and 4.8).

Figure 4.9: Constellation diagrams for different amplitude and phase shift keying [39].

4.5 Quality Measurement

4.5.1 Signal-Noise Ratio

The noise contributions come from all possible sources which include signal shot noise, dark
current noise, thermal/Johnson noise in the electronics following the photo detector, and the
background noise. The average value can be expressed by [28]:

SNR = SNR0√
PS0
PS

+ σ2
I (D)SNR2

0

, (4.3)

where SNR0 is the ratio in absence of turbulence, PS0 is the signal power in the absence
of atmospheric effects, the mean input signal power PS and σ2

I (D) is the aperture-averaged
scintillation index.

According to [26], with turbulence, the SNR is expressed as follows:

SNR =
(
0.31C2

nk7/6l11/6
)−1

, (4.4)
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In the model, it is assumed that the surface area of the photo detector is large enough so that
the effective SNR includes the beam spreading effect, thus the effective SNR is defined as:

SNReff = SNR

1 + 1.33σ2
i

[
2l

kω(l)2

]5/6 . (4.5)

4.5.2 Bit Error Ratio

When the information is sent by digital transmission, the desired message is converted to binary
symbols (bits). The transmission of digital bits over the optical link is then done on a bit-by-bit
basis (binary encoding). The real performance measure in digital communications is provided
not directly by the SNR, but rather by the probability of error, also referred to as BER.

Bit Error Ratio (BER) is generally defined in telecommunications as:

BER = NErrB

NB
, (4.6)

where NErrB is amount of receiver bits with error and NB is amount of all received bits. It
can be defined also as the probability that an error may occur in a bit in the pulse train, i.e.,
a "1" bit turns into a "0" bit or vice versa. For commercial telecommunications applications,
BER=10−9 is a typical required value. In general, the BER is expressed by [28]:

BER = P (0|1)
2 + P (1|0)

2 , (4.7)

where P (0|1) is the probability of mistaken "0" for "1", and P (1|0) is the probability of
mistaken "1" for "0" (conditional probabilities). The 1/2 multiplicative factor comes from the
fact that, in a general digital communication system, "0" and "1" are almost equally distributed.

For FSO links with an On-Off keying modulation scheme in BER can be written as

BER = exp(−SNR/2)
(2πSNR)0.5 . (4.8)

By [28], BER is given by

BER = 1
2

∫
pI(s)erfc

(
SNRs

2
√

2iS

)
ds, (4.9)

where pI(s) is the probability distribution of irradiance, iS is the instantaneous signal current
whose mean value, and SNR is the average SNR in presence of turbulence defined earlier.
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4.5.3 Modulation Error Ratio

Modulation error ratio (MER) is a measure of the sum of all interference effects occurring on
the communication (transmission) path [38]. MER indicates the accuracy of the modulation,
which can be interpreted in the I/Q diagram [39].

Figure 4.10: The different MER example [39].

Example of MER of QPSK modulation is shown in Figure 4.10. The first diagram shows an
acceptable MER, on the other side the second one might cause misinterpretation due to larger
variations of the received data. Generally, the less value is, the worse signal quality can be
achieved. MER value is equal to [57]:

MER =
∑N

j=1(Ĩ2
j + Q̃2

j )∑N
j=1

[
(Ij − Ĩj)2 + (Qj − Q̃j)2

] , (4.10)

where Ij is the I component of the j-th symbol received, Qj is the Q component of the j-th
symbol received, Ĩj is the ideal I component of the j-th symbol received and, Ĩj is the ideal Q
component of the j-th symbol received.

4.5.4 Error Vector Magnitude

Error vector magnitude (EVM, see Figure 4.11) needs to save the position of the symbol given
from the carrier wave in the output of the demodulator. This result is then compared with
the theoretical location of the symbol in the I/Q diagram. The error in the position (distance
difference) is shown on a percentage scale. EVM is related to the MER, and in practice, it
describes the SNR of the digitally modulated signal in dB scale [39].

4.6 Eye Diagram

The most common way of representing digital signals is through the eye diagram (Figure 4.12).
The eye diagram is widely used in all digital signals. In an eye diagram, many cycles of the
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Figure 4.11: The principle of the error vector magnitude (EVM) [39].

signal are superimposed on top of each other, which highlights certain features otherwise not
readily visible. It is a tool for showing long pattern dependencies in a signal. As a result, it
characterizes the "quality" of the signal and to what extent a particular signal deviates from an
"ideal" digital signal. Note that the eye diagram for an ideal digital signal is a rectangle [56].

Figure 4.12: Eye diagram [56].

56



DESCRIPTION Of RAIN

5 Description Of Rain

5.1 Microscopical Characterization

It is useful to focus on rain droplet description in microscopical approach and their spatial
deployment. Generally, droplets are not formed in a shape of a sphere, but they are flattened.
As the size increases, they get distorted, their shape is well approximated by oblate spheroids
[1]. The flat base pulls out with an increasing radius to 4 mm to Pruppacher-Pitter shape shown
in Figure 5.1.

Figure 5.1: Rain droplet shapes depending on the diameter [17].

The size of raindrops ranges from hundreds of µm to about 4 mm in radius, but the size
really depends on the actual atmospheric conditions (see Figure 5.2). Larger drops are hydro-
dynamically unstable and tend to break up and merge together again [1]. The wind has also an
effect to a raindrop shape. It makes drop tilted [17].

Figure 5.2: Classification of droplet size [37].

5.1.1 Velocity

The terminal velocity of falling drops (in stagnant air increases) with the drop size at a decreasing
rate, reaching the maximum (about 9 m/s) at a radius of 2–3 mm. Beyond this size, the
velocity slightly decreases. Finally, as the drop grows further, it breaks up. An analytical
approximation of the terminal velocity of raindrops, as a function of the equivalent drop radius
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in mm (equivolumetric sphere), is [2]:

vt(r) = 9.65 − 10.3 e−1.2r (m/s). (5.1)

Limiting speed of raindrop is also expressed by [26]:

Va = 2r2ρg

9η
, (5.2)

where ρ is water density, g is gravitational constant, η is viscosity of air, and r is the radius of
raindrop.

5.1.2 Rain Rate

Rain rate R is a measure of the intensity of rain by calculating the volume of rain that falls to
the ground in a given interval of time. The rain rate is expressed in units of length (depth) per
unit time (mm/hr), which is the depth of rain captured in a collection vessel per unit time.

From the terminal velocity and the PSD (Particle Size Distribution), it is possible to cal-
culate the rain rate R, which is the basic meteorological and easily interpreted information for
evaluating rain intensity and path attenuation [1]

R = 4.8 · 10−3π

rmax∫
rmin

r3vt(r)n(r)dr (mm/h), (5.3)

for droplet radius r, where n(r) is called Raindrop Size Distribution. According to [26], R can
be expressed by

R = n(r)1.33(πr3)Va, (5.4)

where Va is the limit speed precipitation and r is the radius of raindrop (cm).

5.1.3 Raindrop Size Distribution

A precise description of spatial deployment in volume unit is difficult and it can be achieved
using statistic model. Number of raindrops in a given volume (cubic meter) can be described
by PSD or DSD (RainDrop Size Distribution) function N(D) or n(r) - numerousness drops of
diameter D or radius r respectively. An accepted analytical form of PSD of rain is the gamma
distribution whose general expression derived from Marshall-Palmer formula is [1]:

n(r) = N0rµe−Λr (m-3mm-1), (5.5)
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where µ is the shape parameter, which approximately ranges between -3 and 8, whereas N0 and
Λ are given by [1]:

N0 = 6 · 104e(3.2−ln 5)µ−ln 5 (m-3mm-1-µ), (5.6)

Λ = 0.2
[

R

33.31N051+µΓ(4.67 + µ)

]− 1
4.67+µ

(mm-1) , (5.7)

where Γ(4.67 + µ) is function of Gamma distribution. Usually accepted value by [27] is N0 =
16 · 103 m-3mm-1 . There is a need to mention the Gamma distribution is not the only model
describing Raindrop Size Distribution. Other models include e.g. Exponential distribution,
Constant µ gamma distribution, Constrained gamma distribution or Log-normal distribution
[5].

5.2 Area Distribution

There are different types of rain with different spatial scales that range from a few kilometers
in diameter to a few ten’s of kilometers. Among these types, two major ones are stratiform,
characteristic for its low intensity distributed all over the area (usually lower than 10 mm/h)
with no lightning, and convective, characteristic for its high rain intensity, is generally heavy
due to large drop size [17]. The example of measured flat rainfall distribution is shown in Figure
5.3.

Figure 5.3: Flat rainfall distribution in a given time moment during one rainfall event [17].

5.2.1 Annual Precipitation

Precipitation (rainfall) very differs based on the specific geographical location (Figure 5.5). For
instance, the mean annual one-minute rainfall rates in the eastern Malaysia range between 84.7
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(a) cylindric (b) Gaussian

(c) exponential (d) Assis-Einloft

Figure 5.4: Flat rainfall distribution [17].

and 153.9 mm.h-1 for 0.01 % exceedance [51]. For Czechia, R0.01 value is approximately 25
mm/h [17].

Figure 5.5: Mean annual precipitation 1950-2000 (mm/year) [54].
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5.2.2 Exceedance

The term exceedance is explained in Figure 5.6 by so-called exceedance curves of rain rate com-
puted using 13-year hourly rainfall records. The y values (commonly denoted as ’p’) represent
the percentage time of the year that a given rain rate is exceeded. The exceedance curve for the
13 years begins at 15 % of the year. This indicates that on an average the site experienced rain
for 1314 h of the year [53].

Figure 5.6: Example of rain rate exceedance curves in Suva, Fiji [53].
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6 Effects of Rainy Weather Conditions on Optical Beam

The transmission of optical waves through the atmosphere can be noticeably influenced by
adverse rainy weather. Despite of favorable conditions, the Earth’s atmosphere is not an ideal
medium for propagating optical waves. Only a few atmospheric windows are suitable for FSO
due to the selective absorption by gases and water vapor. In clear sky conditions, the turbulence
induced by temperature gradients results into random intensity fluctuations and loss of wavefront
coherence. Finally, the interaction with solid and liquid water particles in adverse weather
generates signal fades deep enough to produce link outage.

Rain is the most frequent weather impairment in temperate climate and it is the cause of
various degradations when the wavelength becomes comparable to the drop size. Rain attenua-
tion at optical bands is wavelength independent because the raindrop are much larger than the
wavelength. Specific attenuation is usually estimated from the rain rate. Calculations show a
high sensitivity to the PSD [1].

6.1 Applied Theories

Generally, the electromagnetic wave can be influenced by water droplet in two ways[17].

• Attenuation. The first one is describing droplet as lossless dielectric while incoming energy
is absorbed. It can be referred as is a semi-conduct substance, where propagating wave
inducts shifted currents causing temperature losses - attenuation of electromagnetic wave.

• Scattering. Inducted currents in droplets create secondary waves causing scattering to
undesirable directions. This phenomenon causes attenuation in direction of propagating
waves, and also a polarization plane spinning, i.e. creation of transverse polarization [17].
The scattering in rain (non-selective scattering) is independent on wavelength, and it does
not introduce significant attenuation in wireless infrared links, scattering globally affects
mainly on microwave and radio systems that transmit energy at longer wavelengths [26].

Using statistical methods is necessary considering random rainfall processes - both in time
and in a space. It can be achieved by two different ways:

• microscopic approach, describing interaction between electromagnetic wave and raindrop
of defined dimensions and shape and extending this description for the large number of
drops placed in a given volume according to statistic method, and

• macroscopic approach, comes from longtime measuring of rainfall intensities and relative
attenuation, when empiric models are created in relation of these quantities applicable for
specific destination and for annual or month required probabilities of service availability
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or rainfall occurrences [17]. The attenuation produced by rainfall increases linearly with
rainfall rate [47].

6.2 Energy Losses by Particulates

Fog and rain consist of particles with identical optical properties. Their shape is spherical
or can be parametrized with the radius r of an equivalent (i.e., equivolume) sphere. When an
electromagnetic wave, traveling through a homogeneous medium as the air, enlightens a particle,
part of the energy is absorbed by the particle and dissipated into heat and part is scattered.
The scattered field is well approximated by a spherical wavefront, at a distance R < r2/λ, begin
λ the wavelength. The power flux subtracted from a plane wave propagating through a layer of
randomly distributed particles is usually calculated by adding the contributors of the individual
scatterers, through the volume extinction coefficient:

β(λ) = 10−3
r2∫

r1

Cext(r, λ)n(r) dr, (neper/km) (6.1)

where n(r), namely the particle size distribution (PSD), represents the number of particles per
unit of radius increment, Cext is the extinction cross section of the particle, defined as the
quantity that, once multiplied by the incident power density, returns the total power subtracted
to the incoming wave and r is radius in µm.

The attenuation (i.e. the decrease in the energy flux) experienced by a plane wave traveling
along the z/direction through a slab of length L, filled with with scatterers, which PSD is
described by n(r), is given by

I(z) = I0exp

⎧⎨⎩
⎡⎣−

r2∫
r1

Cext(r)n(r) dr

⎤⎦⎫⎬⎭ z = I0exp(−βz), (6.2)

where I0 is the incoming energy flux at z = 0. Equation 6.2, also referred to as Beer-Lambert
law 3.1, gives the energy flux of the outgoing wave, when evaluated at z = L. The above
equation clarifies the physical meaning of β, which is also called specific attenuation. In optics,
the concept of transitivity (transmittance, see Equation 3.3) is used instead of β. It is defined
as the fraction of energy flux transmitted through the lossy layer

Ta(z) = I(z)
I0

= exp(−βz). (6.3)

Two fundamental assumption are behind Equation 6.1 and 6.2.
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1. Independent scattering. The interaction between the incident wave and each particle can
be studied as if the other scatterers were not present. By consequence, the intensities of the
scattered waves rather than their complex amplitude must be added. The above hypothesis
is fulfilled if the distance among the particles is much larger than the wavelength, if they
are randomly distributed in space and if the configuration is non-stationary in time. This
is the case of atmospheric particles, which resemble a random population of scatterers,
mixed up by wind and turbulence.

2. Multiple scattering effects are negligible. Each scatterer experiences a different disturbance
composed by incident wave, attenuated by the previous particle layers along the propaga-
tion direction, and by the scattered waves. If the latter contribution is negligible, the light
incident on each particle is well approximated by the original wave [10].

6.3 Attenuation

Equation 6.1 from section 6.2 is used for water particulates. It can be evaluated in dB/km as
well by [3]:

γ = 4.343
∫

Cext(D, λ, m)n(D) dD, (dB/km) (6.4)

with Cext in mm2, diameter D in mm, wavelength λ in mm and the complex refractive index
of water m. As previous chapters described, if particles are big (r > 10λ), which is definitely
the case of raindrops and snowflakes in the optical region, then geometric optics rules: the
incident wave is constituted by rays that obey to the classical laws of reflection, refraction, and
diffraction. In such case, Cext approaches twice the geometrical cross section of the particle, i.e.
in the case of a sphere [1]:

Cext = 2πr2. (6.5)

Based on Equation 6.4 the general form of specific rain attenuation equation, Equation 6.6
derived using power law approach to obtain power law coefficient using curve fitting or point
matching techniques to find the values of a and b (often seen also as k and α). This making it in
a simple power law formula and specific attenuation depends only on the rain rate R as follow:

γ = a · Rb (dB/km). (6.6)

Values for a and b depend on frequency, elevation of path Θ and polarizing tilt τ (for
horizontal polarization τ = 0 rad, for vertical polarization τ = φ/2 and for circle one τ = φ/4)
and can be estimated by:

a =
[
aH + aV + (aH − aV ) cos2 Θ cos 2τ

]
2 , (6.7)
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b =
[
aHbH + aV bV + (aHbH − aV bV ) cos2 Θ cos 2τ

]
2a

. (6.8)

Values of aH , bH , aV and bV comes from ITU-R Recommendation [43], but they are limited
to frequencies from 1 to 1 000 GHz.

Several models are defined to fit given atmospheric conditions based on location and the
current state of a weather. These empiric models were developed based on regression analysis
and other methods of measured rain intensities (mm/h) and rain attenuation (dB) in their
respected areas. Table 6.1 shows the values of a and b for these models [3], [14].

Table 6.1: a and b values of specific rain attenuation models of FSO.

Model a b Country/Climate
Carbonneau 1.076 0.67 France/Temperate
Japan 1.58 0.63 Japan/Temperate
Grabner-Kvicera (Martin) 0.231 0.7 Prague (CZ)/Temperate
Samir 2.03 0.74 Malaysia/Tropical
Suriza 0.4195 0.8486 Malaysia/Tropical
Fiser-Brazda 1.6 0.63 Milesovka (CZ)/Temperate

Figure 6.1: DSD measured in Czechia (one year measurement, rain rate R is the parameter of
particular sets of points). Lines represent the theoretical value [13].

Comparisons of specific rain attenuation models shown in Figure 6.2 Carbonneau and Japan
models recommended by ITU gave average attenuation compare with other models. Values for
a and b can be also specific for RF spectrum, as shown in [13].
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Figure 6.2: Comparison of specific ran attenuation of different FSO models [3].

In Table 6.2 estimated attenuation were calculated based on experimental measurements.
These loses are given by a number of software systems prepared by the Air Force Geological
Laboratory (AFGL) at Hanscom Air Force Base. This data can help to estimate the range
between laser repeater stations as well as give us a measure of BER. Importantly, it is the
major challenge that laser communications face because the laser links must at times operate in
inclement weather [19]. Another description provided by [27] is shown in Table 6.3, where the
relation between attenuation and the precipitation rate is shown.

Table 6.2: Estimated attenuation by the Air Force Geological Laboratory.

Rain rate (mm/h) Wavelength (µm) Attenuation (dB) at distance (km)
1 10 100

5 0.53, 1.06 1.6 16 160
25 0.53, 1.06 4.2 42 420
75 0.53, 1.06 7.0 70 700

66



EFFECTS OF RAINY WEATHER CONDITIONS ON OPTICAL BEAM

Table 6.3: Relation between attenuation and the precipitation rate.

Attenuation Relation 980 and 1550 nm
Drizzle or light rain (R < 3.8) 0.509R0.63 0.79 dB/km (R = 2)

Mean rain (3.8 < R < 7.6) 0.319R0.63 0.88 dB/km (R = 5)
Strong rain (storm) (R > 7.6) 0.163R0.63 1.08 dB/km (R = 20)

Rain (Marshall-Palmer) 0.365R0.63 1.56 dB/km (R = 10)
Rain (Carbonneau) 1.076R0.67 5.06 dB/km (R = 10)

Table 6.4: Visibility range based on rain rate

Rainfall type Rain rate (mm/h) Visibility range, V (km)
Heavy rain 25 1.9–2
Medium rain 12.5 2.8–40
Light rain/drizzle 0.25 18–20

According to [47], the rain attenuation for FSO links can be approximated by empirical
formula:

γ = 2.8
V

, (6.9)

where V is visibility range in km and its values based on rain rate is (see Table 6.4).

6.3.1 Anomalous Diffraction

It was formulated an approximated theory called anomalous diffraction for the large values of
the size parameter and with spheres of refractive index close to one (in magnitude), which is
the optical case of liquid water. An empirical correction produces errors on Qext (dimensionless
parameter called extinction efficiency) within 30 % in the range 1.01 ≤ ν ≤ 2.00 and 0 ≤
κ ≤ 10, in complex refractive index for any value of r/λ. The anomalous diffraction is a good
approximation to calculate the attenuation by water particles from the optical band to the
mid-IR range [1].

6.3.2 Scattering

Scattering due to rainfall is called non-selective scattering, this is because the radius of raindrops
(100–1000 µm) is significantly larger than the wavelength of typical FSO systems. The laser is
able to pass through the raindrop particle, with less scattering effect occurring. The haze
particles are very small and stay longer in the atmosphere, but the rain particles are very large
and stay shorter in the atmosphere. This is the primary reason that attenuation via rain is less
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than haze. On the other hand, RF wireless technologies that use frequencies above approximately
10 GHz are adversely impacted by rain and little impacted by fog. This is because of the closer
match of RF wavelengths to the radius of raindrops, both being larger than the moisture droplets
in fog. The rain scattering coefficient can be calculated using Stroke Law [26]:

βrainscat = πr2n(r)Qscat

(
r

λ

)
, (6.10)

where r is the radius of raindrop (cm), Na represents the raindrop distribution (cm -3) and Qscat

stands for the scattering coefficient.
According to [27], the scattering cross section is equal to 2 for raining conditions and the

scattering coefficient equals:

βrainscat = 105
∫ ∞

0
2πr2 dn(r)

dr
dr, (6.11)

where n(r)dr is Raindrop Size Distribution (see Equation 5.5)

6.3.3 Longterm Statistical Models

Another approach to calculate the attenuation caused by rain is with usage longterm measuring
experimental paths and rainfall intensities with a rain gauge or meteorological radars. Based
on this approach rain attenuation can be estimated for a given area and required a time of
availability [17].

Due to inhomogeneous of rain, while propagating along the path, the rain might not fall into
the entire propagating path. Cause some portion of the link to be affected. This is so-called
effective path link, which defines as the intersection between rain cell and path length. It is
confirmed from this definition that the effective path length is smaller than total actual path
[3].

According to ITU recommendation[4], the total path attenuation exceeded for 0.01% of the
time can be estimated also with 6.6 by:

A0.01%(dB) = γ · deff = a · Rb
0.01 · deff , (6.12)

where γ is the specific rain attenuation in dB/km and d is total path length in km, r is reduction
(distance) factor, R0.01 is rainfall intensity in mm/h (measured after the first minute) exceed for
0.01% of the time and deff is effective path length. There are many models has been developed
to estimate the value of r based on rain intensity, total path length or both of them [3]. It is
possible to choose statistic for average year or for so-called the worst month.
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Recommendation ITU-R P.837 [15] provides the rainfall rate R(p) (mm/h) exceeded for any
given percentage of the average year, p, and for any location, and Equation 6.6 provides the
specific attenuation exceeded for the time percentage p.

6.3.4 Light Behavior Propagating Through Droplet

As already mentioned, when an electromagnetic wave, traveling through a homogeneous medium
as the air, enlightens a particle, part of the energy is absorbed by the particle and dissipated into
heat and part is scattered. When a plane wave propagating in the vacuum enters a homogeneous
region of space with complex refractive index n = ν − iκ, it undergoes changes in its velocity,
phase, and direction depending on ν, and, at the same time, if κ > 0, it is attenuated.

The optical properties of water are strongly wavelength dependent throughout the spectrum
considered. In the visible and the IR up to about 2 µm, water behaves almost as a transparent
dielectric (1.306 < ν < 1.339 and κ < 10−3 ). ν increases throughout the mid-IR and roughly
doubles with respect to the visible region at the lower edge of the millimeter wave range, whereas
κ grows by several orders of magnitude and becomes on the order of unity around 100 µm [1].

In a geometrical point of view, e.g. in case of rainbow phenomena, the sunlight is re-
fracted and decomposed to colors of the visible spectrum, since the refraction index is spectrum-
dependent (see Figure 6.3).

Figure 6.3: Sunlight behavior on water droplet.

But it is not a case of FSO, since this technology uses narrow monochromatic sources of light,
not white sunlight composed of the spectrum of colors. As the laser beam propagates through
the rainfall, the beam is being wandered as described in Section 3.6. The example trajectory is
shown in Figure 6.4.
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Figure 6.4: Laser beam propagation through droplets.

6.4 Architecture Impact

Rain intensity also has a significant impact based on using specific network architecture. As the
paper by Vavoulas et al. proves [16], the increase of rain intensity from light rain to medium rain
significantly increases the number of required nodes by a factor of 3 with using a network with
node distribution model (multiple-hop FSO network, where the nodes are distributed at fixed
positions on a given path-link). When the rain conditions worsen, this factor further increases to
5. An extreme amount of precipitation (> 90 mm/h) requires a high density node deployment,
so it is critical to collect the rainfall rate data at different intervals of the year in order to achieve
a trade-off between network availability and the number of required nodes to achieve low values
of isolation probability Piso. See the impact of rain attenuation is in Figure 6.5.

The most fundamental modulation schemes used in optical wireless systems are on–off keying
(OOK) and pulse position modulation (PPM). For the OOK and PPM scheme, the experimental
measuring was made with different rain rates [16].

Table 6.5: Number of required nodes and supported data rate for Piso = 10-3 and Pe = 10-6.

OOK PPM
1 Mbps 100 Mbps 1 Gbps 1 Mbps 100 Mbps 1 Gbps

R = 2.5 mm/h 24 32 38 22 29 34
R = 12.5 mm/h 60 75 86 57 70 79
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Figure 6.5: Node isolation probability versus number of nodes and rain conditions [16].

Table 6.5 displays the required number of nodes in order to cover a network length of L = 50
km assuming the previously mentioned modulation schemes and achieved probability of error,
Pe = 10-6. In general, the use of PPM is more profitable as the supported data rate increases
for a given weather condition.

6.4.1 Possible Solutions of Power Loss

If the optical path is negatively influenced by unfavorable conditions, there is essential need
to use adaptive optics that is able to control the output optical power to reach the detector
and therefore compensate for the power fluctuations due to turbulence and other atmospheric
phenomena in an urban scenario. Several techniques were proposed, such as a spatial transmitter
or receiver diversity, adaptive beam forming based on the wavefront phase error measurement,
wavelength diversity, multiple-beam communication or new modulation technique [55].
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7 Mathematical Modeling of the Environment

7.1 Fluid Parameters

7.1.1 Reynolds Number

The Reynolds number (Re) is the ratio of inertial forces to viscous forces and is a parameter
for predicting if a flow condition will be laminar or turbulent. By [51], it can be interpreted
that when the laminar forces are dominant (Re < 1000) they are sufficient enough to keep all
the fluid particles in layers. When the viscous forces dominate (Re > 1000) then the flow is
turbulent (particles swirl). Values for classifying of flows in a special conditions is provided also
by [50]. Number is given by [51]:

Re = dVnρg

νf
, (7.1)

where d is a characteristic linear dimension (aerosol diameter when dealing with spray system)
in m, Vn is the maximum speed of the object relative to the fluid (the gas velocity in m/s), ρg

is the gas density (kg/m3), and µf is the dynamic viscosity of the fluid (gas, kg/m·s).

Figure 7.1: Laminar and turbulent flow [8].

7.1.2 Weber Number

The Weber number in the gas and liquid is defined as the ratio of aerodynamic force to the force
generated by surface tension and given by [33]:

We = ρv2l

σ
, (7.2)

where v is the jet velocity, l is the nozzle/droplet diameter, ρ is density, and σ represents the
surface tension.
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7.1.3 Ohnesorge Number

The Ohnesorge number is defined as the ratio between viscous forces and surface tension forces
and has the form [33]:

Oh =
√

We

Re
, (7.3)

7.2 Turbulent Models

Since the laboratory model fulfills concept and criteria of turbulent flow, following chapter
includes a brief description of main turbulent models used for numerical prediction. Each model
is available in ANSYS Fluent software used for modeling described in Section 7.3.

7.2.1 Reynolds-Averaged Navier-Stokes Models

Models are based on time-averaged equations of motion for fluid flow. The idea is Reynolds
decomposition, whereby an instantaneous quantity is decomposed into its time-averaged and
fluctuating quantities. There are a lot of models based on RANS categorized into several groups.
RANS models fall into one of two main groups. Eddy Viscosity Models (EVM) and Reynolds
Stress Models (RSM). Following list contains models available in ANSYS Fluent software. Some
of them can be applicable with Detached Eddy Simulation models in the software as well [21].

• Eddy Viscosity Models,

– Spalart-Allmaras (S-A) Model (One-Equation Model),
– k–ε Model Family (One-Equation or Two-Equation Models),

∗ Standard k–ε Model,
∗ Realizable k–ε (RKE) model,
∗ RNG k–ε (RNG) model.

– k–ω Model Family,
∗ Standard k–ω (SKW) model,
∗ Shear Stress Transport k–ω (SSTKW) Model.

– k-kl-ω Model (Three-Equation Model),
– Transition SST model.

∗ Intermittency Transition Model.

• Reynolds Stress Models,
• Unsteady RANS.

– Scale-Adaptive Simulation (SAS).
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7.2.2 Large Eddy Simulation

Turbulent flows are characterized by eddies with a wide range of length and time scales. The
largest eddies are typically comparable in size to the characteristic length of the mean flow
(for example, shear layer thickness). The smallest scales are responsible for the dissipation of
turbulence kinetic energy. In LES, large eddies are resolved directly, while small eddies are
modeled. Large eddy simulation (LES) therefore falls between DNS and RANS in terms of the
fraction of the resolved scales. ANSYS Fluent offers Embedded Large Eddy Simulation (ELES)
with improved techniques [21].

7.2.3 Detached Eddy Simulation

The DES models, often referred to as the hybrid LES/RANS models, combine RANS modeling
with LES for applications such as high-Re external aerodynamics simulations. The computa-
tional costs, when using the DES models, is less than LES computational costs, but greater
than RANS. ANSYS Fluent offers five different models for the detached eddy simulation: the
Spalart-Allmaras model, the realizable - model, the BSL - model, the SST - model, and the
Transition SST model [21].

7.3 Multi-phase Flow

7.3.1 General Description

The term multi-phase flow is used to refer to any fluid flow consisting of more than one phase
or component. Virtually every processing technology must deal with the multiphase flow. The
ability to predict the fluid flow behavior of these processes is central to the efficiency and
effectiveness of processes. Multiphase flows are also a ubiquitous feature of our environment
whether one considers rain, snow, fog, avalanches, mudslides, sediment transport, debris flows,
and countless other natural phenomena [22].

A large number of flows encountered in nature and technology are a mixture of phases.
Physical phases of matter are gas, liquid, and solid, but the concept of phase in a multiphase
flow system is applied in a broader sense. In multiphase flow, a phase can be defined as an
identifiable class of material that has a particular inertial response to an interaction with the
flow and the potential field in which it is immersed. For example, different-sized solid particles
of the same material can be treated as different phases because each collection of particles with
the same size will have a similar dynamical response to the flow field [21].
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7.3.2 Classification

7.3.2.1 Topologies
Two general topologies of multiphase flow can be usefully identified as disperse flows (or dis-
crete) and separated flows. By disperse flows we mean those consisting of finite particles, drops
or bubbles (the disperse phase) distributed in a connected volume of the continuous phase. Sep-
arated flows consist of two or more continuous streams of different fluids separated by interfaces
[22].

7.3.2.2 Regimes
Multiphase flow regimes can be grouped into four categories categorized by type of reacting
fluids: gas-liquid or liquid-liquid flows; gas-solid flows; liquid-solid flows; and three-phase flows
[21].

7.3.3 Flow Models

A persistent theme of multiphase flows is the need to model and predict the behavior of those
flows and the phenomena. There are three ways in which such models are explored [22]:

1. experimentally, through laboratory-sized models equipped with appropriate instrumenta-
tion,

2. theoretically, using mathematical equations and models for the flow, and
3. computationally, using the power and size of modern computers to address the complexity

of the flow.

For a purpose of this paper, computational modeling based on mathematical equations is
the default tool for modeling rainy conditions of the experimental box described in Section 8.1.
Section 7.3 is focused on computational modeling using software ANSYS Fluent.

7.3.4 Approaches to Multiphase Modeling

Advances in computational fluid mechanics have provided the basis for further insight into the
dynamics of multiphase flows. Currently there are two approaches for the numerical calculation
of multiphase flows: the Euler-Lagrange approach and the Euler-Euler approach. More details
about both of these approaches can be found at ANSYS Fluent Theory Guide [21].

7.3.4.1 The Euler-Lagrange Approach
The Lagrangian discrete phase model in ANSYS Fluent follows the Euler-Lagrange approach.
The fluid phase is treated as a continuum by solving the Navier-Stokes equations, while the
dispersed phase is solved by tracking a large number of particles, bubbles, or droplets through
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the calculated flow field. The dispersed phase can exchange momentum, mass, and energy with
the fluid phase [21].

This approach is made considerably simpler when particle-particle interactions can be ne-
glected, and this requires that the dispersed second phase occupies a low volume fraction, even
though high mass loading (mparticles ≥ mfluid) is acceptable. The particle or droplet trajectories
are computed individually at specified intervals during the fluid phase calculation. This makes
the model appropriate for the modeling of spray dryers [21].

For applications such as these, particle-particle interactions can be included using the Dis-
crete Element Model and Collision and Droplet Coalescence Model, where ANSYS Fluent pro-
vides an option for estimating the number of droplet collisions and their outcomes in a compu-
tationally efficient manner [21].

7.3.4.2 The Euler-Euler Approach
In the Euler-Euler approach, the different phases are treated mathematically as interpenetrating
continua. Since the volume of a phase cannot be occupied by the other phases, the concept of
phasic volume fraction is introduced. These volume fractions are assumed to be continuous
functions of space and time and their sum is equal to one. Conservation equations for each
phase are derived to obtain a set of equations, which have a similar structure for all phases.
These equations are closed by providing constitutive relations that are obtained from empirical
information, or, in the case of granular flows, by application of kinetic theory. In ANSYS Fluent,
three different Euler-Euler (grouped directly in Multiphase category) models are available: the
volume of fluid (VOF) model, the mixture model, and the Eulerian model [21].
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8 Experimental Measurement

A rainfall system was designed using special nozzles designed for industrial use, such as container
cleaning, etc. for an observing the behavior of the optical beam in simulated rainy conditions.
A set of three nozzles were used which differed in the size of the sprayed particles.

8.1 Simulation-Experimental Lab Box Environment

8.1.1 Droplet Distribution

To be able to applicate experimental model in this paper, the description of a nozzle is used
for similarity with the generating raindrop in nature while rainy conditions take main effects.
According to the empirical observing of the fluid injection, the convective type can be assumed
as a default state (see Section 5.2). The flat rain distribution cannot be clearly determined.

Nozzle injections (like spray, its multi-phase flows are well documented in many sources and
can be used as reference) are formed when the interface between a liquid and a gas becomes
deformed and droplets of liquid are generated. These then migrate out into the body of the gas.
Sometimes the gas plays a negligible role in the kinematics and dynamics of the droplet formation
process; this simplifies the analyses of the phenomena. The unsteady, turbulent motions in the
gas generate ligaments of liquid that project into the gas and the breakup of these ligaments
creates the spray. The jet may be laminar or turbulent when it leaves the nozzle [22].

8.1.2 Assembly

Two ready made polymethyl methacrylate boxes placed next to each other were used to create
the rain fall with an inserted metal tube structure to attach the water nozzles. This construction
is inserted into the box and wrapped around with a transparent foil to prevent water leakage
out of the box. The box plays a role as a big "rain gauge" to help to compute the total amount
of precipitation known as rain rate. To not waste the water, it flows into a vat which makes it
circulate with no jolt of water. Water is pumped through the water pump into the water supply,
which starts with a regulator controlled by an application created by National InstrumentsTM

LabVIEW. It is a virtual instrumentation program that is able to create a number of real-time
applications with the help of special libraries and hardware devices that make communication
between the PC and the component. For the experimental needs, the DAQ USB 6001 was used,
see manual [32], where analog controller output, one analog input for pressure measurement
and a digital pulse counter for flow measurement were used. From the controller, the water
passes through a flowmeter to monitor the amount of water entering the nozzles. The flow
meter produces a rectangular pulse that passes the DAQ card through the water passage and
evaluates the amount of water in the program that depends on the number of given pulses. Four
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branches for each box were used where three nozzles end and one branch is used for pressure
sensing. The nozzles are mounted on sliding mounts to optimize the coverage by drops. The
schematic diagram of a half of the assembled box is shown in Figure 8.1.

Water collector

Flowmeter

Water pump

PC with  
LabView App

≈ 0.71 m 

0.97 m

0.1 

0.5 m

Critical zone

Flow reguator

Pressure gauge 

2.5 m

≈ 0.71 m ≈ 0.71 m 

Figure 8.1: Chart of the one lab box (dimensions in m).

Sensors
In order to measure the atmospheric conditions within the box, a set of sensors based on the
IoT system was used - Arduino platform with the BME280 module for measuring atmospheric
temperature, humidity and pressure. The MQTT protocol was used for communication with
LabVIEW application.

Types of Used Nozzles
For simulating as many different types of rain as possible, the experiment was based on three
different nozzle types for industrial purposes. Overview of chosen HYDRO SPARE PARTS
nozzle series called FP-FulcoJetTM Full Cone Nozzle [31] is shown in a Table 8.1.

Other Equipment
The following components were required for the experiment. The Gardena 5000/5 garden water
pump with a maximum pressure of 5 bar and other components such as hoses and fasteners were
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Figure 8.2: Used nozzle types.

Table 8.1: Default values of used nozzles (BSP - British Standard Pipe as a reference).

Nozzle Thread Color Cone Angle
at 1 bar

Flow Rate (l/min of Water at 20 ◦C)
Pressure (bar)

0.5 1 2 3 4 5 7 10
90B1FP1 1/8" BSP Orange 30◦ 0.32 0.46 0.64 0.79 0.91 1.02 1.21 1.44
90B1FP3 1/8" BSP Lime Green 50◦ 0.97 1.37 1.93 2.37 2.74 3.06 3.62 4.32

90B1FP3.5 1/8" BSP Terracotta 60◦ 1.13 1.60 2.26 2.76 3.19 3.57 4.22 5.05
90B2FP6.5 1/4" BSP Purple 50◦ 2.10 2.96 4.19 5.13 5.93 6.63 7.84 9.37

purchased to pump water. Siemens SSD31 was used as the electronic controller, which allows
an opening to be set with a voltage of 0 to 10 V.

The flowmeter operates on the principle of generating rectangular pulses to calculate the
current flow rate or the total flow rate. In addition, a pressure gauge B+B Thermo-Technik
DRTR-AL-10V-R10B was attached.

Flow Rate Control Application
For the monitoring purposes, control application in LabVIEW environment was used (see Ap-
pendix C.1). Flow rate can be regulated and monitored as well as the current value of pressure.

8.2 High-Speed Camera Capturing

Capturing photographs (Figure 8.3) for measuring real droplets is useful for getting values used
later for modeling purposes (see Section 9). It was enabled to approximate a diameter of the
water drop by using the Fiji program to measure distance with a known reference length. Editor
GIMP was used to improve the quality of final images. Droplet diameter for 90B2FP6.5 nozzle
ranges approximately from 300 to 3000 µm. By Figure 5.2, the drop sizes can be classified as a
light rain and/or a rain-storm.

8.3 Methodology

Droplet effects are examined by MER value of the modulation for the selected modulation
that is set in the LabVIEW environment, and using the USRP device. Two USRPs (model
2920 by National InstrumentsTM) were used, one as a modulator and the other for subsequent
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Figure 8.3: High-speed camera image of water nozzle (type 90B2FP6.5).

demodulation, and obtaining values for a given modulation. The OOK was observed. For
several rain rates given by flow rate and nozzle size, they were subsequently evaluated for their
resistance to particular rainy conditions.

Light described in Communication channel were measured for 5 minutes for the modulation
with given bit rate and rain rate, from which the mean MER was obtained by an exploration
analysis to be used to compare the individual conditions, as well as hypotheses to determine a
statistical significance.

8.3.1 Communication Channel

Above the path of the optical beam, six nozzles were placed (three in each box) for creating
raindrops. They affected the light itself and increased attenuation. Both optical source and
detector were placed in the critical area shown in Figure 8.1.

On-Off keying was chosen as a testing modulation. Modulation was measured for five minutes
and evaluated. Three nozzle types were used for the final experiment since the nozzle with
the smallest orifice did not generate adequate DSD comparable to real rain conditions. The
modulator handled laser diodes with a length of 650 nm (type L-SLD6510A).

Diagram of the communication channel can be seen in Figure 8.4.
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USRP Demodulator USRP Modulator

PC with 
LabView app

Optical
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diode

Nozzle
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Figure 8.4: Optical path - box upper view.

8.3.2 Rain Rate Measuring

To be able to calculate the real value of the rain rate, it is necessary to obtain it from the mass
flow rate measured by the application described in the Section 8.1.2.

To convert l/min to mm/h, it was needed to found out the height of a rainfall water volume
in the box for 1 hour. For the flow rate Q = 1 l/min, Q = 60 · 1 l/h = 60 l/h = 0.06 m3/h.
For box dimensions (width wb = 0.5 m, length lb = 5 m), a volume of water Vw = 0.06 m3 and
unknown height of the water volume hw, the volume of water is given by:

Vw = wblbhw, hw = Vw

wblb
, hw = 0.024 m. (8.1)

To sum up, the mass flow Q = 1 l/min equals a rain rate R = 24 mm/h for given laboratory
conditions.

8.3.3 Atmospheric Conditions

Atmospheric condition measuring was done by the sensor set described in Section 8.1.2. Refer-
ence values are shown in Table 8.2.

Table 8.2: Mean values of atmospheric parameters for 90B2FP6.5.

64 80 120 144
Temperature (◦C) 21.54 20.92 20.90 20.33
Humidity (%) 99.58 99.80 99.88 99.94
Pressure (hPa) 993.80 993.95 994.02 994.28
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8.4 Measuring and Evaluation

For a sample analysis (valid for the modulation), following values are set as default:

• nozzle 90B2FP6.5,
• rain rate R = 120 mm/h,
• bit rate B = 10 Mbps,

unless otherwise stated.

8.4.1 Power Attenuation

Each value was averaged from 2000 samples to measure the power level. Measured data is
presented in Table 8.3.

As described in 8.5 and 8.6, the increasing nozzle’s orifice should decrease the attenuation
caused by the decreasing count of generated water droplets from this nozzle. But the 3.5 type is
attenuated the most. Explanation of this situation could be a collapse of the cone model since
less pressure caused by decreased mass flow rate has a degradation impact for the shape of the
generated droplet area; it changes from hollow to solid (full cone) type (See Figure 9.8). In case
of changing the rain rate, the power laws apply. With increasing amount of water, the received
power decreases.

Table 8.3: Attenuation of received power by rainy conditions (dB).

R (mm/h) 64 80 120 144
90B1FP3 Ā 0.38 0.58 1.21 1.68

sA 0.02 0.02 0.03 0.04
Sample count 66 71 75 59

90B1FP3.5 Ā 0.56 0.70 1.24 1.65
sA 0.02 0.04 0.03 0.03
Sample count 73 72 73 72

90B2FP6.5 Ā 0.30 0.41 0.70 0.78
sA 0.03 0.03 0.03 0.03
Sample count 73 68 66 68

Theoretical Verification
In order to use very high values of rain rates, available in the certain parts of the world, Malaysian
Samir formula (Table 6.1) were used for verification of measured values. Using Equation 6.6 for
90B2FP6.5 were obtained results (see Table 8.4).
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Figure 8.5: Attenuation for R = 63 mm/h.
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Figure 8.6: Attenuation for 90B2FP6.5 nozzle.

Table 8.4: Comparison of theoretical and measured values.

R (mm/h) 60 80 120 144
A (dB) 0.3 0.41 0.7 0.78
Theoretical Value (dB/km) 44.06 51.97 70.16 80.29
Measured Value (dB/km) 60 82 140 156
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8.4.2 Modulation Degradation

A closer look at the match of results will be provided by the statistical analysis for the modulation
degradation. It is necessary to execute several steps:

1. exploration analysis,
2. normality test,
3. homogeneity of variance test (homoscedasticity),
4. analysis of variance test,
5. post-hoc analysis (if needed).

If all data groups meet normality and homoscedasticity assumptions, ANOVA mean value test
may be used, otherwise, a nonparametric Kruskal-Wallis median test. If the zero hypotheses,
H0, of the individual tests are not met, the alternative hypothesis, HA, is accepted as a result
of the analysis. Each measurement consists of 300 samples. MER values are shown in Table 8.5.
For other bit rates, see Figure D.1 in Appendix.

Table 8.5: Overview of MER values (dB) for all types of nozzles and precipitations, B = 10
Mbps.

R (mm/h) 64 80 120 144
90B1FP3 M̄ 15.5 13.7 13.0 13.0

sM 1.6 1.2 0.8 0.7
90B1FP3.5 M̄ 16.4 14.8 13.2 12.8

sM 1.9 1.5 1.0 0.8
90B2FP6.5 M̄ 20.5 18.3 14.5 14.0

sM 3.2 2.6 1.8 1.5

Droplet size dependence on MER
In some cases, null hypothesis of normality of MER values was rejected at the confidence level
0.05 based on Shapiro-Wilk test (Table 8.6).

According to Kruskal-Wallis test, the type of rain (droplet size) affects significantly the
resulting MER values. All groups are statistically significantly different, except for 90B1FP3
and 90B1FP3.5 for R = 120 mm/h. It should be noted that outliers were not removed and
had an effect on the result normality of data. Graphical representation of data for the example
condition can be seen in Figure 8.7 and 8.8.
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Table 8.6: P-values of Shapiro-Wilk normality test for MER with variance tests, B = 10 Mbps
(Droplet size dependence).

Rain rate R (mm/h)
Nozzle 63 80 120 144
90B1FP3 < 0.001 < 0.001 0.055 0.115
90B1FP3.5 0.04 < 0.001 0.064 0.006
90B2FP6.5 < 0.001 < 0.001 < 0.001 0.034
Kruskal-Wallis test < 0.001 < 0.001 < 0.001 < 0.001
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Figure 8.7: MER for R = 120 mm/h, B = 10 Mbps.
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Figure 8.8: MER dependence on bit rate for all nozzles, R = 120 mm/h.
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Rain rate dependence on MER
In some cases, null hypothesis of normality of MER values was rejected at the confidence level
0.05 based on Shapiro-Wilk test (Table 8.7).

Table 8.7: P-values of Shapiro-Wilk normality test for MER with variance tests, B = 10 Mbps
(rain rate dependence).

Nozzle
Rain rate (mm/h) 90B1FP3 90B1FP3.5 90B2FP6.5
63 < 0.001 0.04 < 0.001
80 < 0.001 < 0.001 < 0.001
120 0.055 0.064 < 0.001
144 0.115 0.006 0.034
Kruskal-Wallis test < 0.001 < 0.001 < 0.001

According to Kruskal-Wallis test, the intensity of rain affects significantly the resulting MER
values. All groups are statistically significantly different, except for R = 120 mm/h and R = 144
mm/h for 90B1FP3, and R = 120 mm/h and R = 144 mm/h for 90B1FP6.5. It should be noted
that outliers were not removed and had an effect on the result normality of data. Graphical
representation of data for the example condition can be seen in Figure 8.9.
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Figure 8.9: MER for 90B1FP6.5, B = 10 Mbps.

86



EXPERIMENTAL MEASUREMENT

Bit rate dependence on MER
In some cases, null hypothesis of normality of MER values wes rejected at the confidence level
0.05 based on Shapiro-Wilk test (Table 8.8).

Table 8.8: P-values of Shapiro-Wilk normality test for MER with variance tests, R = 120 mm/h.

Nozzle
Bit rate (Mbps) 90B1FP3 90B1FP3.5 90B2FP6.5
5 0.186 0.527 0.002
10 0.064 0.055 < 0.001
20 0.044 0.359 0.339
40 0.491 0.870 < 0.001
Kruskal-Wallis test < 0.001 < 0.001 < 0.001

According to Kruskal-Wallis test, the data bit rate affects significantly the resulting MER
values in some cases. All groups are statistically significantly different, except for B = 5 Mbps
and 10 Mbps for all types of nozzles (R = 120 mm/h). It should be noted that outliers were not
removed and had an effect on the result normality of data. Graphical representation of data for
the example condition can be seen in Figure 8.10 and 8.11.
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Figure 8.10: MER for 90B1FP6.5, R = 120 mm/h.

Visual Evaluation
The evaluation of the results was carried out by assessing the modulation quality diagrams.
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Figure 8.11: MER dependence on rain rate for 90B1FP6.5.

Figure 8.12: Modulation degradation reference, R = 0 mm/h, B = 10 Mbps.

The reference state in Figure 8.12 can be compared with the state for 90B1FP6.5, R = 120
mm/h, B = 10 Mbps in Figure 8.13 and signal comparison in Figure 8.14. For more graphical
representations of data degradation, see Appendix D.
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Figure 8.13: Evaluation of modulation degradation for 90B1FP6.5, R = 120 mm/h, B = 10
Mbps.
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Figure 8.14: Signal degradation, R = 120 mm/h by 90B1FP3, B = 10 Mbps.
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9 Modeling in CFD Simulation Software

This section focuses on modeling approaches related to the computational fluid dynamics (CFD)
software. ANSYS Fluent was selected for simulation process for its complexity. Main techniques
are going to be explained for this particular software.

9.1 Liquid Spray Description

9.1.1 Droplet Flow

Droplet flow is the gas-liquid flow of discrete fluid droplets in a continuous gas. They are present
in a broad range of applications in atmospheric fluid dynamics. Droplet industrial flow examples
include absorbers, atomizers, combustors, cryogenic pumping, dryers, evaporation, gas cooling,
and scrubbers [21].

In numerical simulations involving liquid–gas flows, according to [23], the Eulerian–Lagrangian
method is widely used because of its advantages in predicting turbulent diffusion, droplet
breakup, droplet-gas, and droplet–droplet interactions. But the previous chapter about Euler-
Lagrange approach describes, this type is used only when particle-particle interactions can be
neglected in ANSYS Fluent and if the interaction is needed, it is possible to include Discrete
Element Model.

The Euler-Lagrange model employs the Eulerian formulation for the carrier (gas) fluid and
the Lagrangian formulation for the dispersed phase (droplets). It is needed to choose an appro-
priate turbulent model and intensity as well.

9.1.2 Discrete Phase Modeling

Fluent allows simulating a discrete second phase (water droplet in the case) in a Lagrangian
frame of reference. This second phase consists of spherical particles dispersed in the continuous
phase (an air). ANSYS Fluent computes the trajectories of these discrete phase particles, as
well as heat and mass transfer to/from them. The coupling between the phases and its impact
on both the discrete phase trajectories and the continuous phase flow can be included too [42].

9.1.3 Primary and Secondary Breakup

According to general descriptions, the flow arising from an injector (nozzle) consists of two (or
more) different regions of multi-phase flow.

Figure 9.1 shows the control volume zones of nozzle spray injection with diameter 2.75 mm in
which small droplets are formed. The first one, primary breakup zone, where droplets are formed
by the breakup of ligaments and mother droplets. Furthermore, in the secondary breakup zone

90



MODELING IN CFD SIMULATION SOFTWARE

Figure 9.1: Droplet breakup zones.

the phenomena like turbulence and collision affect the formation and distribution of droplets
[34]. Types, count and size of these zones depend on the inlet pressure as shown in [35].

The external and internal forces present on the surface of the liquid core create perturbations
and oscillations, which can result in the disintegration and breakup of the liquid column into
small droplets. This breakup mechanism is referred to as primary. Some defined breakup types
can be categorized based on three non-dimensional parameters that include the Weber number,
the Reynolds number, and the Ohnesorge number described in Section 7.3 [33].

9.1.3.1 Coupling
Different types of coupling are described in Figure 9.2. One-way coupling refers to models which
take into account only the effect of the carrier flowfield at the discrete phase. Two-way coupling
is caused by the interaction between the two phases is mutual – the carrier phase influences
the dispersion and preferential accumulation of the droplets, which in turn modulate the carrier
flowfield. In a more detailed model, however, in addition to the coupling between the carrier
fluid and droplets, the droplet-droplet interactions and interactions (such as collisions) should
be considered, as the situation prevails in conditions with high loading density of droplets, such
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as dense sprays. This is referred to as the four-way coupling in the modeling of multiphase fluid
dynamics [23].

Figure 9.2: Particle coupling.

9.2 Implementation in ANSYS Fluent

Software Ansys FLUENT 18.2 was selected for simulation purposes. According to official web-
sites [36], the software is the most-powerful computational fluid dynamics (CFD) tool available,
including well-validated physical modeling capabilities to deliver fast, accurate results across
the widest range of CFD and multiphysics applications. It contains the broad physical mod-
eling capabilities needed to model flow, turbulence, heat transfer, and reactions for industrial
applications.

ANSYS offers a free academic version for study purposes. The only limitation of this version
is the number of cells to 512 000 generated in a mesh (discussed in Section 9.2.4). Due to this
limitation, it was decided to model only one lab box to keep sufficient level of the mesh quality,
in other words, to keep the mesh dense as much as possible.

9.2.1 Input Hypothesis and Parameters

Simulations were executed for most extreme available conditions (full flow rate given by water
pump).

To prove turbulent flow, calculation of Reynolds number was needed. For standard air with
temperature 22 ◦C is µf = 1.8301 · 10−5 kg/m ·s, ρg = 1.1965 kg/m3, estimated mean droplet
diameter d = 0.001 m and Vn = 1.97 m/s (Vn calculated for water flow in pipe with diameter
0.0025 mm and mass flow rate Q = 7 l/min):

Re = dVnρg

µf
= 0.001 · 1.97 · 1.1965

1.8301 · 10−5 ≈ 129 (9.1)
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According to [42], if Re is between 1 and 1000, it is in the transition regime. The estimated
turbulent intensity is approximately 1%.

Available parameters include:

• Box dimensions including hydraulic diameter.
• Flow rate with a need to be recalculated to proper units.
• Water pressure.
• Cone angle.
• Water droplet size range.

9.2.2 Environment

In a general point of view, Fluent is launched via Workbench environment. It is a general
tool used not only for Fluent computing but for a wide range of components. Working with
Workbench is based on analysis systems dropped to a virtual desktop. One of the Fluid Flow
(Fluent) system is shown in Figure 9.3. To obtain results, all previous steps is necessary to
accomplish, namely making up geometry, meshing, setting up a solution, and evaluating
results.

Figure 9.3: Fluid Flow (Fluent) analysis system.

9.2.3 Creating Geometry

Software Design Modeler as the part of Workbench is used for creating the simulation geometry.
Obvious parameters needed to create an appropriate model is dimensions of the box and coor-
dinates of water nozzles in the box. The next step was to define a shape of spreading of water
droplets. Taking photographs by the high-speed camera (See Section 8.2) helped to estimate
the cone angle (approximately 60◦ for 90B2FP6.5 nozzle as seen in Figure 9.4). Finally, the
total volume of spray injection is a unite of three cone bodies intersected with box block body.
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Boolean operation and Extrude tool were the main steps taken in geometry creating. The final
result is shown in Figure 9.5.

Figure 9.4: Detailed view of the spray angle.

The reason for creating and defining the influenced area is adjusting the different mesh
properties for each body created in geometry. The area of spray injection can be set with a high
number of computing cells.

9.2.4 Generating Mesh

For the precise calculation and simulation, a mesh with the high density should be made up
for each generated body in the previous step, and Meshing tool is used. The important step
in meshing is choosing so-called Named Selections, used as the computational geometric part in
Setup.

As already mentioned, cell limit in the academic version of the software gives an obstacle
to creating a high-density mesh. On the other hand, more cells consume more computational
time. The high density was applied on the influenced area (unite of cones). The model uses
tetrahedral cell shape. Final mesh contains around 511 000 cells (see Figure 9.6 and 9.7 with
named selections).
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Figure 9.5: Box geometry.

Figure 9.6: Box mesh - front view.
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Figure 9.7: Named selections in box.

9.2.5 Setup - Boundary Conditions Specification

Defining multi-phase flow starts in Setup (Fluent computational part). Named selection defined
in meshing are transformed into Boundary Specification. It enables to set up many input
properties for inlets, outlets, and walls.

For walls, it is important to define the behavior of discrete phase particles while interaction
with walls. For given models, it can be distinguished between trap and reflect model, where the
first one "catches" particles at the given position and stops a calculation of the trajectory. The
reflect model works like a mirror since all particles are rebound back to free space (continuous
phase).

Boundary conditions consist of three inlet orifices as well. These inlets define continuous
phase (one of the phase the in multi-phase model). The velocity and direction of phase propa-
gation has to be defined.
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9.2.6 Setup - Discrete Model Defining

9.2.6.1 Injection Type Selection
The software offers several injection types for a discrete phase modeling. The goal was to choose
to right one(s) to fit our needs. The most important models for the spray/nozzle injection are
grouped into:

• cone (point, hollow, ring, solid),
• plain orifice atomizer,
• pressure swirl atomizer,
• air blast atomizer.

Each of these models offers different input parameters. Individual cone types are shown in
Figure 9.8.

(a) point

orifice

(b) hollow

orifice

(c) ring

orifice

(d) solid

Figure 9.8: Cone injection types.

The selection of the proper combination of injection types is a key to solve the simulation.
Nozzle description available in datasheet [31] and photographs captured by a high-speed camera
are in a mutual conflict. By the datasheet, the nozzle generates a full cone shape distribution of
droplets. It is difficult to make a decision for nozzles with a small orifice (90B1FP1/3/3.5) due
to a markable swirl caused by an inner geometry of the nozzle and the high density of droplets.
But it is obvious that droplets are distributed along the cone shell in case of 90B2FP6.5 type
(see Figure 9.4). Anyway, based on this observation, the final solution of used injection type is
pressure swirl atomizer, which fit the given nozzle the best. Cone injections are not suitable
for this application since they generate droplets of fixed diameter. By ANSYS Theory Guide
[21], the droplets must be randomly distributed for realistic atomizer simulations, both spatially
through a dispersion angle and in their time of release. For nonatomizer types of injections in
ANSYS Fluent, all of the droplets are released along fixed trajectories at the beginning of the
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time step. The atomizer models use stochastic trajectory selection and staggering to attain a
random distribution.

9.2.6.2 Pressure Swirl Atomizer
This type of atomizer accelerates the liquid through nozzles known as swirl ports into a central
swirl chamber. The swirling liquid pushes against the walls of the swirl chamber. It then emerges
from the orifice as a thinning sheet, which is unstable, breaking up into ligaments and droplets.
The pressure-swirl atomizer is very widely used for liquid-fuel combustion in gas turbines, oil
furnaces, etc. The transition from internal injector flow to fully-developed spray can be divided
into three steps: film formation, sheet breakup, and atomization.

The pressure-swirl atomizer model used in ANSYS Fluent is called the Linearized Instability
Sheet Atomization (LISA) model of Schmidt et al. The LISA model is divided into two stages:
film formation and sheet breakup and atomization. For further information about the used
model, see ANSYS Fluent Theory Guide [21].

Spray Half Angle and Atomizer Dispersion Angle
The meaning of these parameters is shown in the Figures 9.9 and 9.10 in ANSYS Fluent, where
δ1 = 30◦ is half angle (the orange arrows), and δ2 = 30◦ is the dispersion angle (the pink arrows).
The colorful vectors play only a helping role in a setup preparation, as can be seen in results,
the distribution does not take place strictly between these two angles.

Figure 9.9: Atomization in pressure swirl atomizer, edited [21].

In the case of the use of the selected atomizer, the problem of the distribution of water
droplets has to be solved, since at least 90B2FP6.5 nozzle does not generate a full cone shape.
Partial simulations with different input angles have provided a closer understanding of the
droplet distribution as seen in Figure 9.11. As the angle difference increases, the droplets spread
to larger volumes in space.
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Figure 9.10: Spray Half Angle and Atomizer Dispersion Angle visual definition.

Figure 9.11: Droplet simulation for δ2 = 0◦, 20◦, 30◦ for δ1 = 30◦.

Another approach - if the nozzle generated full cone as specifications says, it would be
necessary to spread distribution. The observation provided a key to the solution - a double
value of Atomizer Dispersion Angle was set (δ2 = 60◦), and Spray Half Angle δ1 = 0◦ (see Figure
9.12). It was found out that the droplet distribution in simulation takes place approximately
only in a half of δ2 area. The final dispersion area covers 60◦ (δ3 = 30◦). For used nozzles, this
approach is not used and both of the angles can be set with measured values (δ1 = 30◦, δ2 = 0◦).
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Figure 9.12: Solution of injection with δ1 = 0◦ and δ2 = 60◦ with full cone dispersion.

Flow Rate
To calculate the mass flow, it was necessary to determine the value from the flowmeter and
calculate the value for one nozzle by the respective operations. For instance, 8.33 l/min was
measured by a flow simulation for one box with FP90B2FP6.5 nozzles attached. For mass flow
rate, this value is 0.04628 kg/s for each nozzle.

Upstream Pressure
Pressure gauge B+B Thermo-Technik DRTR-AL-10V-R10B was used to get the value of water
pressure near the nozzle. Measured values were used for simulation purposes.

9.2.6.3 Breakup and Coalescence
Fluent also offers setup for the secondary breakup. The TAB model is mostly used for low
Weber numbers. The wave model is recommended for Weber numbers greater than 100 [21].
KHRT and the SSD models are also available. Coalescence of discrete water particles can be set
as well for each injection defined in the model.

9.2.6.4 Other Parameters
An essential part of each simulation is to set the number of iterations and its time interval.
Depending on the iteration count, the number of DPM injections is defined.

9.3 Results

To speed up the calculation process at the beginning, simulations were generated only for 30◦

part at the beginning of simulation process by View setup multiplied by 12 around Y axis of
an inlet. This cannot be done for the simulation of all of three nozzles, since breakup and
coalescence phenomena would not be taken into account.
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9.3.1 Nozzle Changing

When changing the nozzle it is necessary to modify the model to suit the new conditions. First
of all, it will be the hydraulic diameter defined in the injection. Changing the nozzle changes
the pressure and water flow, too. These empirical findings must also be applied to the model.
For consistent simulation, adjusting the geometry, thus setting a new angle for the cone, would
be appropriate. In Figure 9.13, simulation for the nozzle with the largest diameter is presented.

Figure 9.13: Simulation colored by residence time (s) for 90B2FP6.5.

Several tests were done for a reduced low rate. From the empirical point of view, collapse
of the model took place, a cone character of the rain was replaced by a "shower". This was not
fully proofed by the mathematical model.

Summarization of all important setup parameters of empirical observing for each nozzle is
described in Table 9.1

Table 9.1: Setup parameters for nozzles.

Nozzle 90B1FP1 90B1FP3 90B1FP3.5 90B2FP6.5
Half Angle 30◦ 55◦ 65◦ 60◦

Dispersion Angle 0◦ 0◦ 0◦ 0◦

Injector Inner Diameter (mm) 1 1.5 1.85 2.75
Upstream Pressure (bar) 11.21 6.95 6.17 2.5
Flow Rate (kg/s) 9.278 · 10−3 3.889 · 10−2 4.072 · 10−2 4.628 · 10−2
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9.3.2 Verification

Based on the nozzle analysis, it can be confirmed that the droplets diameter distribution gener-
ated by 90B2FP6.5 most resembles the rain distribution under real atmospheric conditions. In
terms of authentic imitation of the actual state of injected droplets, differences can be observed,
especially at the nozzle orifice. Based on simulations, the primary breakup area cannot be fully
imaged (see Figure 9.14). Although the Pressure swirl atomizer model provides the ligament
constant and sheet constant parameters, on the basis of experiments, the resulting model is
inflated to a small extent.

Another significant difference is evident in the density of the generated particles. This effect
is affected by the Number of Streams parameter.

Figure 9.14: Compare of an injection for 90B1FP1 near the orifice.
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10 Conclusion

The atmosphere must be understood as an unstable and inhomogeneous environment. Unfavor-
able and unpredictable effects have to be taken into account in the field of telecommunications.
The physical laws in the non-turbulent, as well as rainy conditions for free space optical link has
been described.

This work summarizes the knowledge about the creation of a mathematical model of water
droplet formation using industrial nozzles. With CFD software, a model describing spray injec-
tion with nozzles was successfully created. The basic and most important assumption was to
understand multi-phase modeling topic and find a suitable approach and mathematical model
describing the injection of water droplets into the gas phase. The Euler-Lagrange approach with
the set of pressure swirl atomizers is close to real-world observation. The resulting procedure
can be used as a method for solving a similar type of tasks where the discrete phase injection
into the free space takes the key role. It should be noted, however, that it is impossible to
precisely shape all states of breakup and dispersion of droplets (especially primary breakup)
with this model, and the secondary interaction of water droplets on the wall as a boundary
condition is not taken into account since the third liquid phase is formed (a film of water). The
turbulence played a small influence in this case, as the turbulent flow was not detected (verified)
by a numeric assumption.

Models created by simulation are useful but very sensitive to input parameters. For good and
credible results, frequent observations of model behavior and eventual parameter adjustments
are required. During the creation of this work I came across a model providing the theoretically
more feasible simulated environment - (VOF) Volume of Fluid to DPM CFD spray, but available
in ANSYS Fluent version 19, which is not accessible in the academic license yet.

When capturing images using a high-speed camera, it was observed that the droplet dis-
tribution did not form a full cone as specified by the manufacturer. The droplet distribution
formed a hollow cone at high pressure. This fact had to be put into the simulation software.
Changing the nozzles affects the resulting model mainly in terms of the orifice size since the
large orifice generates large drops more dispersed in the gaseous phase and vice versa. Images
were really important for evaluating of droplet size. Based on the observation the right nozzle
simulating the real nature conditions could have been chosen as a reference.

This part also included experimental measurement of the free space optical link under the
unfavorable influence of water droplets simulating the rainfall. The evaluation was performed in
terms of attenuation of the transmitted optical power and degradation of the signal modulation -
MER value. Fluctuation of optical intensity captured by LabVIEW software and the oscilloscope
is detailed shown in the Appendix D. There are obvious pitches in the receiving power caused by
the unsteady distribution of water droplets. Eye diagrams prove quality degradation in high rain

103



CONCLUSION

rates too. Besides the not surprising result that the increasing rain rate increases the attenuation
value, it has been shown that the droplet size and distribution has a significant effect on the
optical beam as well.

The measured results of the attenuation differed from the theoretical values obtained by the
calculation using available formulas. These differences could arise due to several factors. The
main and the most basic is the assembly of the laboratory environment itself. The critical area
has been modeled to mimic realistic natural conditions as faithfully as possible. Here, however,
we encounter restrictions on the lab box. In particular, it is the generation of droplets.

Thanks to the photos mentioned above, we could conclude that the realistic droplet size
is determined by the nozzle with the largest orifice, but the question is if the size and space
distribution is still comparable to real conditions. It is also apparent that droplets injected
under high pressure to create greater flow and rain rate are dispersed with higher velocity than
in nature. As a result, the beam strikes six water clusters or twelve water walls formed by hollow
cones under high pressure.

Another important factor influencing the theoretical calculation of the attenuation itself is
the rain rate value. It depends on the area of the box where water drops fall. When the surface
is enlarged, the rain rate decreases, resulting in a decrease of the theoretical rain rate value. It is
possible, that the real rain rate value is much lower than stated. Using the given assembly and
the calculation system (and the assumption of the correct calculation system), we were forced
to simulate extreme precipitation values that are not real in Czechia so far, and they are similar
to those parts of the world with a high rainfall rate, e. g. Malaysia. For more accurate results,
I suggest developing a more sophisticated system for a steady distribution of water droplets.

The OOK as one of the simplest modulations is still devastating to transmitting signal
to high rain rates. Bit rate up to 40 Mbps has been achieved with the photodetector and
the demodulator set. Modulation was evaluated depending on the used nozzle (droplet size),
rain rate and bit rate. The similar results as for attenuation were proven; the increasing rain
rate or/and the decreasing droplet size decreases significantly the MER value, proved by the
statistical analysis. MER is also decreased with the increased bit rates, but differences in values
for low bit rates are not significant from a statistical point of view. For further exploration,
comparison with other wavelengths and modulations should be done, since existing research has
already proven better architecture efficiency with PPM.
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APPENDIX

A CD

The appedix includes CD.
Content:

• ANSYS Models
• Camera Images
• Measured Values

– Data
– Diagrams
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B Lab Box

Figure B.1: A half of the lab box.

Figure B.2: Optical path inside the box with attached sensor set.
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C Control Tools and Used Software

Figure C.1: Control panel for rain generating.

Used software

• ANSYS Fluent 18.2
• FiJi
• GIMP 2.8.20
• National InstrumentsTM LabVIEW 14
• MATLAB R2017b
• RStudio 1.1.423
• Thorlabs Optical Power Meter Utility 5.9

Used hardware

• Osciloscope LeCroy 204Xi
• Optical detector Thorlabs PDA 10A-EC
• Optical powermeter Thorlabs S120VC
• Windows 7/10 Servers for simulation purposes
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D Modulation Comparsion of Signal Degradation
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Figure D.1: Signal degradation in rain rate R = 48 mm/h by 90B1FP3. Bit rate B = 20 Mbps.
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Figure D.2: Signal degradation in rain rate R = 120 mm/h by 90B1FP3. Bit rate B = 20 Mbps.
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Figure D.3: Signal degradation in rain rate R = 48 mm/h by 90B2FP6.5. Bit rate B = 20
Mbps.
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Figure D.4: Signal degradation in rain rate R = 120 mm/h by 90B2FP6.5. Bit rate B = 20
Mbps.
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(a) R = 64 mm/h

(b) R = 80 mm/h

(c) R = 120 mm/h

Figure D.5: Eye and I-Q diagrams 90B2FP6.5 for 10 Mbps.
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Figure D.6: MER dependence on bit rate, R = 64 mm/h.
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Figure D.7: MER dependence on bit rate, R = 80 mm/h.
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Figure D.8: MER dependence on bit rate, R = 144 mm/h.
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Figure D.9: MER dependence on rain rate for 90B1FP3.
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Figure D.10: MER dependence on rain rate for 90B1FP3.5.

118



APPENDIX

Ta
bl

e
D

.1
:

O
ve

rv
ie

w
of

M
ER

va
lu

es
fo

r
al

lt
yp

es
of

no
zz

le
s

an
d

pr
ec

ip
ita

tio
ns

.

B
(M

bp
s)

5
10

20
40

R
(m

m
/h

)
64

80
12

0
14

4
64

80
12

0
14

4
64

80
12

0
14

4
64

80
12

0
14

4
90

B1
FP

3
M̄

16
.2

13
.6

13
.0

13
.1

15
.5

13
.7

13
.0

13
.0

15
.2

13
.1

12
.5

12
.6

12
.4

11
.3

11
.1

11
.1

s M
1.

2
0.

8
0.

5
0.

6
1,

6
1.

2
0.

8
0.

7
2.

0
1.

4
0.

9
1.

0
1.

4
1.

2
0.

9
0.

8
90

B1
FP

3.
5

M̄
16

.4
14

.8
13

.2
12

.7
16

.4
14

.8
13

.2
12

.8
15

.8
14

.0
12

.7
12

.4
12

.8
12

.2
11

.4
10

.9
s M

1.
5

1.
0

0.
7

0.
6

1.
9

1.
5

1.
0

0.
8

2.
4

1.
8

1.
2

1.
0

1.
4

1.
3

1.
1

1.
0

90
B2

FP
6.

5
M̄

20
.5

18
.2

14
.6

14
.1

20
.5

18
.3

14
.5

14
.0

18
.0

16
.6

14
.1

13
.5

13
.4

12
.8

11
.6

11
.5

s M
2.

0
2.

0
1.

3
1.

1
3.

2
2.

6
1.

8
1.

5
2.

3
2.

4
2.

0
2.

0
1.

3
1.

6
1.

7
1.

5

119



APPENDIX

E High-Speed Camera Images

(a) 90B1FP1 (b) 90B1FP3

(c) 90B1FP3.5 (d) 90B2FP6.5

Figure E.1: Droplet injection.
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