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Abstract

Ever since the inception of free-space optical links as a potential "last mile" access technol-
ogy; the atmospheric attenuators have played a detrimental role in its widespread accep-
tance. Free-space optical links are supposed to operate through the atmosphere and achieve
high reliability. The local weather conditions, in general, degrade the system performance
and also reduce visibility. Among all the different atmospheric channel attenuators, fog
remains the toughest to combat.

A detailed analysis of fog attenuation measured at Graz (Austria), Milan (Italy), and
Prague (Czech Republic) has been presented. The thesis further explores the linearity
or homogeneity analysis of optical attenuations. It is observed through the linearity anal-
ysis of optical attenuation that general assumption of linearity can not be valid for longer
path lengths. This thesis further provides in detail the analysis of visibility based opti-
cal attenuation models and provides new insight about these empirical models. The error
characteristics of a free-space optical (FSO) channel are significantly different from the
fiber based optical links and thus require a deep physical understanding of the propagation
channel. In particular different fog conditions greatly influence the optical transmissions
and thus a channel model is required to estimate the detrimental fog effects. This thesis
presents the probabilistic model for radiation fog from the measured data over an 80 m
FSO link installed at Graz, Austria and 100 m FSO link installed at Prague, Czech Repub-
lic.

The fog events are classified into dense fog, thick fog, moderate fog, light fog and general
fog based on the international code of visibility range for measured data of Graz while
the measured data of Prague has been considered only for general fog case. The detailed
analysis of liquid water content (LWC) modeling for FSO links is provided. Five months
measurement of optical attenuations and the LWC have been used to draw a new model for
direct estimation of optical attenuation from the LWC. The model proposed can be used
conveniently in the range of wavelengths from 800 - 1600 nm for estimation of optical
attenuation based on LWC with reasonable accuracy.
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Zusammenfassung

Seit dem Aufkommen von optischen Freiraumübertragungssystemen (Free Space Optics
- FSO) als mögliche Technologie zur Anbindung der "Last Mile" spielten die atmosphä-
rischen Dämpfungseinflüsse die meistlimitierende Rolle in Bezug auf eine gröSSere Ver-
breitung der Technologie. FSO-Links sollen im freien Raum eingesetzt werden und eine
hohe Zuverlässigkeit erreichen. Die lokalen Wetterbedingungen beschränken jedoch die
Systemperformance und haben Einfluss auf die Sichtweite. Unter allen atmosphärischen
Einflüssen stellt der Nebel die gröSSte Hürde für die terrestrische Freiraumübertragung
dar.

Detaillierte Analysen der Dämpfung von Nebel an verschiedenen Orten (Graz, Mailand,
Prag) wurden präsentiert. In der Arbeit wird die Linearität bzw. Homogenität von op-
tischen Dämpfungen in Relation zur Pfadlänge untersucht. Anhand der Ergebnisse der
Linearitätsuntersuchungen von FSO-Verbindungen ergibt sich, dass die Dämpfung auf län-
geren FSO Strecken nicht linear ansteigt. Diese Arbeit bietet genaue Analysen von auf die
Sichtweite basierenden optischen Dämpfungsmodellen und neue Erkenntnisse über diese
Modelle. Die Fehlermerkmale eines FSO-Kanals unterscheiden sich fundamental von je-
nen der Glasfaser, deshalb ist ein genaues Verständnis über die physikalischen Grundlagen
notwendig. Insbesondere verschiedene Nebelereignisse beeinflussen den optischen Link
in hohen MaSSen, deshalb ist ein Kanalmodell zur Abschätzung der Einflüsse notwen-
dig. Ein Wahrscheinlichkeitsmodell über das Verhalten bei Nebel basierend auf Messwer-
ten einer 80 Meter langen FSO-Verbindung in Graz und einer 100 Meter langen FSO-
Verbindung in Prag wird erarbeitet.

Die Nebelereignisse in Graz wurden gemäß internationalen Richtlinien in Bezug auf die
Sichtweite nach "dichter Nebel", "dicker Nebel", "moderater Nebel" und "leichter Nebel"
eingeteilt, währen bei den Messungen in Prag nur generell über Nebelereignisse disku-
tiert wird. Auch die Rolle des (Flüssig)-Wassergehalts in der Luft (bei Nebel) als Aus-
wirkung auf FSO-Links wurde untersucht. Messungen über fünf Monate lieferten Daten
und Erkenntnisse, um ein neues Modell zur Abschätzung der Dämpfung anhand des Was-
sergehalts zu etablieren. Das vorgestellte und verifizierte Modell kann für Wellenlängen
zwischen 800 und 1600 Nanometern verwendet werden.
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1 Introduction

This thesis presents investigations on probabilistic channel model for terrestrial Free-Space
Optical (FSO) links in different continental fog conditions, liquid water content (LWC)
modeling for terrestrial FSO links and detailed statistical analysis of optical attenuation
measured in Graz, Prague and Milan. The work is multidisciplinary and evokes knowledge
of FSO, fog modeling for FSO and statistics of optical attenuation among many others.
The main emphasis of the work is on probabilistic model for FSO links, LWC modeling
for FSO links under continental fog conditions by using measured data of Graz and Prague
and linearity analysis of optical attenuations.

1.1 An overview to FSO
Recent years have witnessed considerable interest in employing free space optics (FSO)
or optical wireless communication (OWC) to a number of futuristic applications dealing
with terrestrial and ground-space communication links . Over the last decade, the data rate
demands (for many communication applications, like video conferencing, online video
transmission, etc.) have been increasing to tens gigabit per second [1]. FSO has emerged
in telecommunication industry as a viable source for providing high data rates to meet the
needs of bandwidth hungry communication applications [2]. Initially FSO was mainly
considered as a solution to the last mile access problem but now it is being investigated for
high speed data transfer applications involving links between fixed and mobile platforms
e.g. High Altitude Platforms (HAPs), Unmanned Aerial Vehicles (UAVs), Geostationary
(GEO) and Low Earth Orbit (LEO) satellite terminals. Over last thirty years, FSO has
become an improved and rising technology of the modern world, and is much more ad-
vanced than Radio Frequency (RF) and microwave/millimeter-wave (MMW) technology.
Commercially, FSO is proved to be a strong alternative for complementing existing line-
of-sight technologies (RF and MMW links) [3, 4]. A general overview of FSO system is
provided in Fig. 1.1.

Usually FSO employs modulated beams of visible or infrared light to transmit huge data
volumes between line of sight (LoS) transceivers through the free-space atmospheric chan-
nel by means of low powered lasers or LEDs. A narrow beam of light is triggered at
transmission station which after passing through the atmosphere is received at the receiver
station. FSO links require clear line-of-sight availability between the transmitter and re-
ceiver to establish a communication link. The optical carrier frequencies in the range of
20-300 THz (Fig. 1.2) makes FSO links as an important technology for future bandwidth
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Figure 1.1: General overview of FSO links [5]

hungry communication applications [4]. FSO uses the similar concept of fiber optics ex-
cept that no cabling is required. Considering the factors of speed and bandwidth, FSO has
similar potential as that of fiber optic [6].

Figure 1.2: Electromagnetic wave spectrum [7]

The major applications of FSO include short, mid and long range communication appli-
cations when there is a need to transmit high data volumes (100 Gb/s range). Practical
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fields of interest of FSO include satellites, high altitude platforms (HAPs), aircrafts and
other nomadic communications which are used in military as well as civilian purposes,
because of the favor of bandwidth, spectrum and security issues which are helpful for the
adoption of FSO [8, 9]. The FSO is a low cost technology therefore, it is mostly used in
the situations where the physical connections are impractical due to high costs or other
considerations [10]. FSO has the ability to cope with the problems of bandwidth required
for high data rate communication applications, thus, providing internet facilities in remote
places especially in rural areas and to deal with emergency situations i.e. for disastrous sit-
uations [11]. Daily life applications of FSO include electronic commerce, streaming audio
and video, web browsing, real-time medical imaging transfer, business networking and is
considered as a last mile solution. Typical applications of FSO are secure and speedy ser-
vice delivery of high bandwidth access to fiber networks, temporary network installation
for special events and purposes, re-establishing high speed connections in case of emer-
gency or disaster recovery, ship-to-ship high data rate communication and communication
between ground and spacecraft or between spacecrafts including elements of a satellite
constellation, unmanned aerial vehicles (UAVs) and low earth orbit (LEO) satellite termi-
nals [12, 11]. The fixed FSO links for terrestrial usage have long been well established and
today it has become a well known technology for commercial usage in local and metropoli-
tan area networks [13]. The mobile and long-range applications of FSO require pointing
and tracking accuracy because the transmitted beams have small beam divergences. This
requires a thorough investigation to fully exploit the benefits of optical links. The detailed
application scenerio is described in Fig. 1.3.

Figure 1.3: Application scenarios of FSO links [14]

There were certain experiments performed to explore the benefits and advantages of FSO
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links for different terrestrial and space applications. The details of these experiments are
given in Table 1.1 [15].

Table 1.1: Important FSO experiments
Ground LEO Satellite GEO Satellite

Ground Many Experiments KODEN (2006) ETS-VI (1994)
TerraSAR-X (2008) GeoLITE (2006)

SILEX (2001)
LEO Satellite KODEN (2006) TerraSAR-X-NFIRE (2008) SILEX (2001)

KIODO (2006) OICETS (2005)
TerraSAR-X (2008)

GEO Satellite ETS-VI (1994) OICETS (2005) No Experiment
GeoLITE (2006)
SILEX (2001)

Advantages of Free Space Optical Communication are significant cost savings, speed
of deployment and ease, wiretapping safety and avoidance of electro-magnetic pollution
[16, 6]. Moreover, FSO provides flexibility of establishing links therefore, helps in finding
niche applications both in military as well as commercial service sectors [17, 18]. Sev-
eral studies and experimentations are laid down for the development of optical wireless
terminals having reduced size, mass, power consumption and increased data transmission
[19, 20, 21].

FSO systems are supposed to operate through the atmosphere. Earth’s atmosphere highly
affects near-earth optical communication system because of variability in atmospheric con-
ditions. Optical communication network for near-earth application scenarios is shown in
[22]. Fig. 1.4 shows the operational scenario for FSO links.

Earth’s atmosphere contains fog, clouds, dust, smoke, smog and some charged particles
[9]. All these mentioned hydrometeor quantities act as attenuator for FSO links. Among
all of them, fog is the most challenging attenuator [24] and have remained a research
topic for FSO links over the years. Fog can be characterized by many physical parameters
i.e. liquid water content, particle size distribution, temperature and humidity. The main
attenuation contributing effect is the Mie scattering phenomena causing attenuations of the
order of 480 dB/km [25] in dense maritime fog environments and 130 dB/km in continental
fog environments [26]. This is mainly due to the Mie scattering phenomena that occurs
if the spatial variations in the real part of the complex refractive index are on the order of
transmitted wavelength. These variations in the real part of complex refractive index are
caused by fog particles due to statistical fluctuations in its density. Rain causes attenuation
of 20-30 dB/km at a rain rate of 150 mm/h [27] while, 45 dB/km specific attenuation can
be caused through snow.

Laser power attenuation through the atmosphere is variable and difficult to predict, which
is a main disadvantage of FSO [28]. Wave front distortion, beam wandering and beam
spreading, which are responsible for signal loss, are also caused by absorption and scat-
tering of laser beam propagating through the atmosphere, while, system losses even in the
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Figure 1.4: Operational scenario for FSO link [23]

absence of atmospheric particles (fog, rain, snow and clouds), some times tend to increase
BER [29]. There is an exponential increase in turbulence with altitude which is found re-
markable at an altitude of 25 km and stochastic in space and time showing fade signals on a
time scale of several milliseconds [30, 31]. Fog and clouds mostly affect lower atmosphere
extending upto 10-12 km. Furthermore, long-haul optical links through the atmosphere are
highly effected from strong fading, due to variation in index-of-refraction turbulence (IRT)
and link blockage; caused by obscuration such as clouds, snow and fog.

1.2 History of FSO
FSO has gained a very popular place in the modern communication industry, but it has
roots in the primitive times as the communication methods employed today prevailed in
the old forms for centuries before the work of Claude chappe in the year 1792, when he
demonstrated semaphore system for the transmission of messages between towers, but the
transmitted information was very limited until the invention of optical telegraph at the
end of 18th century which helped in communication over long distances. FSO became
available after the invention of laser as a source of light. First working laser was described
as stimulated emission by Albert Einstein in 1905 and then by Ruby Laser in 1960 by
Theodore Maiman and it was proved to be a milestone for optical technology which lead
to the discovery of optical communication based on optical fibers [32].

With the expansion of developments of low attenuation optical fibers and semiconduc-
tor lasers emitting continuously at room temperature in 1970-71 explosion of wired opti-
cal telecommunications took place which dominated the fields of terrestrial long-distance
transmissions starting from 10 km (for cables) to metropolitan networks thus becoming
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an integral part of the whole world [22]. The network infrastructure which is based upon
silica mode glass fibers in buried cables has now been deployed in many European coun-
tries. Terrestrial applications having longer distance directive radio links are used in special
cases but main medium for shorter distances non-directive applications (access segment of
networks) is radio frequency. Major examples of radio frequency links are the digital cel-
lular telephone network (GSM, UMTS), WLAN for data transmission in smaller cells, or
DVB-T for digital television broadcasting [22, 33].

The transmission capacity of wired communication systems is constantly increasing (dou-
bling) every year from telegraph systems to Dense Wavelength Division Multiplexing
(DWDM). New creations in this art of technology for performing analogous functions
are carried out in both electrical and electronic domains, which are further accelerated at
an average rate of doubling after every 18 months with the help of single mode fibers.
Prior to optical communications, Electrical coaxial cables are used to transmit data signals
at a maximum bit rate of 565 Mbit/s over 1 km distance between electrical regenerators.
The transmission capacity has reached upto 2.5 Gbits/s over a distance of 100 km with
the introduction of single-mode fibers, while in early 1990s the development of Erbium
Doped Fiber Amplifiers (EDFA) took place which was designed to combine many optical
channels in frequency domain for the amplification of optical signal from all channels and
at the end, the transmitted stream signal was demultiplexed at receiver end [34].

Fiber-optic communication has gained considerable place for different telecommunica-
tions applications, FSO technology is relatively new and provides similar bandwidth and
transmission abilities as fiber optics. FSO was originally developed by the military and
NASA. Now it has been more than three decades that FSO is getting importance for a vari-
ety of communication applications. Recent advances in FSO technology have increased the
importance of FSO for short, medium and log range communication applications [35].

1.3 Motivation
FSO operates through a challenging scenario (Fig. 1.4). Fog and turbulence are the most
prominent atmospheric particulates which have been studied and investigated for different
application oriented scenarios. For FSO technology, to mature and reach mass acceptabil-
ity, there is a need to investigate different weather impairments on FSO links and predict
the attenuation of transmitted laser beam caused by atmospheric aerosols. Since, attenua-
tions due to fog are the biggest concerns for terrestrial FSO links, so in this study the mea-
sured optical attenuations has been evaluated in continental fog statistically by comparing
the attenuations for different probability distribution functions (PDF) and presenting their
important statistics. FSO channel has been modeled under turbulent conditions widely but
turbulence is less significant for terrestrial FSO links. There are certain attempts to model
fog drop size distribution under fog conditions. Since, there was a lack of PDF estimate
of received signal strength (RSS) and liquid water content (LWC) modeling for terrestrial
FSO links, it made a lot of sense to investigate a probabilistic model for RSS using the



1 Introduction 7

measured data of optical attenuation. The simultaneous measured data of optical attenua-
tion along with liquid water content (LWC) made it possible to investigate and probe the
relationship between Optical attenuation and LWC and the variation of optical attenuation
with the variation of LWC.

1.4 Previous Work
FSO is an area of communication which is needed to be researched comprehensively
[36, 37, 38, 1] . The basic concepts of light transmission through the atmosphere have
been presented in [39, 40, 41, 42, 43]. The weather effects on the performance of FSO
remained an active research area [25, 44, 45, 46, 47, 48, 49, 50, 51] and some solutions
have been proposed to cope with such atmospheric effects [52, 53, 48]. The selection of an
appropriate wavelength for FSO links has been considered in [28, 54, 55, 56, 57]. Avail-
ability and reliability analysis for FSO systems has been studied in [58, 59, 60, 61, 62, 63]
to prove their importance in evolving the broadband network [64]. Hybrid FSO-RF links
promise very high availabilities and are described in [65, 66, 67, 68, 69].

1.4.1 PDF estimation of received signal strength
Statistical characterization and modeling of fog can provide important inputs for better sys-
tem design of FSO links. The FSO links are impaired by various atmospheric attenuators
and this study provides a thorough statistical analysis of the RSS under a foggy channel. In
the past years several PDF have been proposed to characterize the received optical signal.
The log-normal (LN) distribution has been considered as best distribution to characterize
under scintillation conditions [70, 71]. In [72, 73] have been shown that LN distribution
assumption is not valid for strong turbulence conditions. Therefore, the K, gamma (G) and
gamma-gamma (GG) distributions were presented as suitable PDFs [70, 71, 74]. RSS has
been modeled as the Lognormal [75, 76] and Gamma [75] distribution based on selected
fog event data.

1.4.2 LWC modeling for FSO links
For FSO technology, to mature and get widespread acceptability, there is the need to inves-
tigate different weather impairments on FSO links and predict the attenuation of transmit-
ted laser beam caused by atmospheric aerosols [77]. The prediction of optical attenuation
in lower atmospheric visibility ranges, due to water hazes, fogs and clouds, has been thor-
oughly investigated and researched [78, 28, 79]. In the literature there is a lack of empirical
relationship between the LWC and optical attenuation based on directly measured values
of LWC and optical attenuations, simultaneously. Though several efforts have been made
to estimate extinction coefficient (extinction coefficient is measured in km−1) [80, 81, 82]
and attenuation [83, 84] for FSO links on the basis of the LWC.

1.5 Thesis Structure and Contributions
The attenuations caused by atmospheric aerosols have played a detrimental role in the
widespread acceptance of FSO links [85]. FSO links are supposed to be operated through
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the atmosphere and achieve high reliability. The local weather conditions, in general,
degrade the system performance and also reduce visibility. Among all the different at-
mospheric channel attenuators, fog remains the toughest to cope with. In many real life
situations, when fog attenuation was measured as high as 480 dB/km, [25] there remained
little hope for keeping the link operational. However, if the fog attenuation remains within
the link margin, then the need arises to develop a deep understanding on the characteriza-
tion of such fog attenuation. Chapter 2 provides overview of fog modeling for terrestrial
FSO links and different model comparisons which have been used extensively for FSO
links.

Different measurement campaigns have been carried out to investigate the impairing ef-
fects of weather, mainly of fog, on FSO systems. The link distances of the measure-
ment campaigns were selected carefully depending on the purposes, limitations and local
weather conditions. In most of the free-space optical attenuation measurement campaigns,
presented in [75, 86, 87] , specific attenuation, described in dB/km, is used for detailed
analysis. Chapter 3 presents the different measurement campaigns and the linearity or
homogeneity analysis of optical attenuation under continental fog conditions using the
measured data.

Statistical characterization and modeling of fog can provide important inputs for better
system design of FSO links. The FSO links are impaired by various atmospheric attenua-
tors and this study provides a thorough statistical analysis of the received signal strength
under a foggy channel. Chapter 4 provides the PDF estimate of RSS by using the measured
data of Graz and Prague.

Atmospheric particles attenuate the optical beam, propagating through the line-of-sight
FSO links. Among all these, fog is the most serious deterrent [2, 88]. Fog can be charac-
terized by the liquid water content (LWC), optical visibility, drop size distribution and tem-
perature [89]. The scattering, absorption and extinction of laser beam propagating through
the atmosphere are associated with the size of fog droplets, their effective radii and the
microphysical properties of fog, specifically the liquid water content [88, 81]. Chapter 5
discusses the LWC modeling for FSO links.

The main contributions of the thesis include the linearity analysis of optical attenuations
and have been discussed in Chapter 3; PDF estimation of RSS using the measured data
of Graz and Prague are discussed in Chapter 4, followed by the modeling of LWC for
terrestrial FSO links (Chapter 5). The originality and significance of the above thesis con-
tributions is reflected by publication of parts of this thesis in several refereed conferences
proceedings and journals (Appendix A).
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Fog is a collection of suspended water droplets or ice crystals near the Earth’s surface
that causes to reduce horizontal visibility below 1 km (5/8 of a statute mile) [90]. Typ-
ical diameter of water droplets or ice crystals is in the range of 5 to 50 µm [91]. Water
droplets and ice crystals are formed as a result of super saturation generated by cooling,
moistening and/or mixing of near surface air parcels of contrasting temperatures [92]. The
suspended water droplets and/or crystals can render an object undistinguishable to a dis-
tant observer and thus causes reduction of visibility conditions. It happens due to reduction
in brightness contrast between an object and its background by particle concentration and
size-dependent scattering losses of the light propagating between the object and the ob-
server and through the blurring effect of forward scattering of light caused by the water
droplets or ice crystals [93, 94, 95]. There are different kinds of fog, among them radiation
fog (continental fog) and advection fog (maritime fog) are the more prominent types.

Radiation fog: Radiation fog occurs mostly in winter and autumn season. The radiation
fog is formed near the earth’s surface and occured usually at night and remained till sunrise
and some times can persist for all the day in winter. The radiation fog occurred when there
is a low speed wind, high humidity and clear sky. The typical diameter and shape of fog
droplets depend upon the geographical location but usually can vary from 0.17 µm to 50
µm [96, 97]. The moderate continental fog can have the droplet diameter of 2-4 µm and
droplet diameter for dense continental fog can vary from 4-6 µm [98, 99].

Advection fog: Advection fog is formed when damp air is moved across the earth surface
or water with contrasting temperature properties. The droplet diameter of advection fog
is normally larger than droplet diameter of continental fog. The mode droplet diameter of
moderate advection fog is 8 µm and in dense fog case the diameter is 10 µm with particle
concentration of 20 cm−3 [98, 99]. It is also called sea fog.

Fog begins to form when water vapors condense at temperature range of −5◦C to 5◦C and
relative humidity above 100 %with light wind (4 m/s) or relative humidity between 80-100
% and in the presence of numerous condensations or water vapor sublimations at −30◦C
and relative humidity below 80%. Fog is formed only when air is saturated enough with
water vapors and enormous amount of condensation nuclei are available in the air. The air
saturation happens when there is relative humidity of 100% and air temperature decreases
to dew point [100].

In general, the probability of occurrence of fog is much higher in winter than in summer,
for continental environments when temperature approaches upto 0◦C and relative humidity
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rises above 80% [101]. But this is not the case for the maritime fog environments which
is not dependent on any particular season. We determine fog occurrence on the basis of
visibility range estimate. There is fog when visibility range reduces to 1 km.

2.1 Fog effects on FSO
Fog particles are normally larger than 1 micron and these particles are suspended in the air
near the earth surface. FSO links operating inside fog conditions can suffer from severe
attenuations of the optical signal power as the fog can significantly affect transmittance in
the visible and near-infrared wavelengths. However, the mid and long-wave infrared spec-
tral regions are not as sensitive to fog. This is mainly due to the Mie scattering phenomena
that occurs if the spatial variations in the real part of the complex refractive index are on
the order of the wavelength. These variations in the real part of complex refractive index
are caused by fog particles due to statistical fluctuations in its density.

According to international code of visibility fog can further be categorized into four dis-
tinct types. The four types of fog depending upon the visibility range are given in Table 2.1.
Fog effects the availability and reliability of FSO links significantly. Optical attenuations

Table 2.1: International code of visibility range

Visibility range (m) Description Sp. Attenuation (dB/km)

40 - 70 Dense fog 250-143

70 - 250 Thick fog 143-40

250 - 500 Moderate Fog 40-20

500 - 1000 Light fog 20-9.3

caused by fog in continental fog environment are shown in Fig. 2.1.

In real life situations attenuation due to fog reaches upto 480 dB/km in maritime envi-
ronments and 236 dB/km for continental fog conditions [25, 87]. Fog attenuations are
generally estimated by a semi-empirical formula based on visibility range estimate.
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Figure 2.1: Optical attenuation caused by fog

2.2 Visibility based model
The standard visibility range is the distance to an object where the image contrast drops
to 5% of what it would be if the object were nearby instead. There are three commonly
used empirical models (Kim, Kruse and Al-Naboulsi models [28, 102, 79]) that employ
visibility information to predict optical attenuations. The 1st model to estimate optical
attenuation from visibility data was proposed by Kruse [102]. The visibility range data
is readily available as it is collected at all airports around the world. This Kruse formula
is essentially a combination of Koschmieder’s visibility range formula and Beer-Lambert
exponential attenuation law as presented in Equation 2.1 below and is applicable in case
of fog attenuations [101, 2].

Γ(V,λ ) =
17.0
V

[
λ

550
]−q (2.1)

where, V is the visual range in km, λ is wavelength in nm and Γ is the attenuation in
dB/km, q is the size distribution coefficient of scattering and contains the information of
meteorological conditions. 17.0 dB value is against 2% contrast, assumed for visibility
range. The value 8.5 dB can be used instead of 17.0 dB value if 5% contrast is assumed for
visibility range. The parameter q differentiate both Kim and Kruse models. The parameter
q for Kruse model is given as

q=







1.6 if V > 50 km
1.3 if 6 km < V < 50 km

0.585V
1
3 if V < 6 km
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Kim [28] showed that there is no preferential scattering of wavelengths by fog. Mie scatter-
ing calculations, transmission measurements, and simple observations indicate that optical
attenuation from the visible to the near IR in fog is virtually independent of wavelengths
[103]. Kruse model supposes lesser attenuation for longer wavelengths and fails to predict
optical attenuation for lower visibility range (less than 1 Km). According to this assump-
tion, longer wavelengths(like 1550 nm or 10 µm) could be used for future FSO systems to
cope with problems of severe attenuation caused by atmosphere [104, 105].

The major drawback of Kruse model is that this model fails to approximate the attenuation
for dense fog conditions especially when the visibility is less than 500 m, and 2nd limita-
tion of Kruse model is that it does not consider different types and classes of aerosols. In
Mie scattering theory, optical transmission measurements and simple observations show
that attenuations caused by atmosphere are independent of transmitted wavelength, which
allows to assign a fix value to parameter q for dense fog conditions( as approximated in
Kim model). According to Kim, the parameter q can attain following values,

q=























1.6 if V > 50 km
1.3 if 6 km < V < 50 km
0.16V +0.34 if 1 km < V < 6 km
V −0.5 if 0.5 km < V < 1 km
0 if V < 0.5 km

The main difference between Kruse and Kim model is, Kruse assumes the wavelength
dependency whereas, Kim rejects the wavelength dependency for dense fog conditions
(visibility ≤ 500 m).

Al Naboulsi presented two different models for radiation and advection fog. The radiation
and advection fog models are presented in Equation (2.2 and 2.3) respectively.

γadv(λ ) =
0.11478λ +3.8367

V
(2.2)

γrad(λ ) =
0.18126λ 2+0.13709λ +3.7502

V
(2.3)

where, V is the visual range in km, λ is wavelength in nm. The specific attenuation coeffi-
cient is provided in Equation (2.4)

aspec(dB/km) =
1000
ln10

· γ(λ ) (2.4)

The five months measured data of optical attenuations at Prague provided us a chance to
compare these three models and find a best suitable model for continental fog environ-
ment.
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Fig. 2.2 provides the time series of recorded specific attenuation in dB/km and visibility
in meters for the representative fog event. The accuracy of the measurements is validated
by the fact that as the visibility decreases the corresponding specific attenuation increases
and vice versa.

Figure 2.2: Time series of measured optical attenuations at a minute scale

The comparison of real time measured fog attenuations data with predicted specific atten-
uation using models of Kruse, Kim and Al-Naboulsi (radiation model) is illustrated in Fig.
2.3.

Analyzing Fig. 2.3, it is very difficult to decide which model is better suited to the recorded
attenuations. Therefore, the root mean square error (hereafter RMSE) for all three models
has been calculated using Equation 2.5.

RMSE =

√

∑
n
i=1(Ap,i−Am,i)2

n
(2.5)

Ap is predicted specific attenuation, Am is measured specific attenuation and n represents
the total number of observations in Equation 2.5.

The comparison of RMSE, using above mentioned three empirical models, is given in Fig.
2.4. For this particular recorded data the Al-Naboulsi radiation fog model has the least
value of RMSE and thus appears to provide the best approximation.

It shall be considered in subsequent researches on visibility based attenuation models,
that presenting a new model; through only a specific data set [106, 107], does not lead
to significant scientific progress. The development of generic visibility based attenuation
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Figure 2.3: Comparison of different visibility based attenuation models with real data

Figure 2.4: Comparison of RMSE for different models

model requires collection of data at various locations, and then a thorough analysis is
needed to be performed for the complete global data bank. If this generic model does not
attain the focus of the research community we would end up having numerous empirical
models which would all have limited utility.
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2.3 Scattering
When a transmitted laser beam interacts with atmospheric particles, some part of it looses
the directivity and energy. When an electromagnetic wave encounters with an atmospheric
particle, some part of the wave energy is redirected and re-radiated into a solid angle
centered at it. The re-radiation or scattering depends on the particle size, refractive index
(especially real part) and isotropy of the atmospheric particles. With the help of these
mentioned parameters the scattering behavior can be determined well [15]. There are
three different types of scattering depending upon the size of atmospheric particles.

If the wavelength of the transmitted laser beam is comparable to the size of atmospheric
particles (λ/10 ≤ r ≤ 10λ ), the transmitted wave is scattered into the direction of main
forward lobe and some small part into side lobe. This is called as Mie scattering. Gener-
ally, the wavelength of optical frequencies spectrum range is comparable to fog particles.
Therefore, fog causes severe attenuation for FSO links. If the wavelength of transmit-
ted laser beam is greater than the size of atmospheric particles (if the size of atmospheric
particle is approximately 10 percent the size of the transmitted wavelength, (r < λ/10)),
the wave is scattered symmetrically in backward and forward lobe. This is called as
Rayleigh scattering. If the transmitted beam is smaller than the size of atmospheric par-
ticle (r > 10λ ) than the wave is scattered in a complex and irregular way. This is called
geometrical scattering. Fig. 2.5 shows the illustration of all three types of scattering.

Figure 2.5: Illustration of different kinds of scattering patterns [108]

Table 2.2 presents the summary of different kinds of scattering for typical atmospheric
radii at λ = 850 nm.
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Table 2.2: Different kinds of scattering for typical atmospheric radii at λ = 850 nm
Type of atmospheric process Radius(µm) Type of Scattering

Air Molecules 0.0001 Rayleigh
Haze particle 0.01 - 1 Rayleigh - Mie
Fog droplet 1 - 20 Mie - Geometrical

Rain 100 - 10000 Geometrical
Snow 1000 - 5000 Geometrical
Hail 5000 - 50000 Geometrical

2.3.1 Simulation of scattering effects on FSO links
FSO links use atmosphere as a propagation medium. Nevertheless, a common problem that
occurs from time to time is the emergence of moderate clouds and fog between the receiver
and the transmitter. Absorption and scattering of radiation through fog, clouds, dust, snow
and smoke cause attenuation of a laser beam propagating through atmosphere. Fog and
clouds are typical dominating factors in atmospheric attenuation. However, other factors
like rain and snow are generally less significant. Another major atmospheric process that
affects the performance of FSO system is turbulence-induced atmospheric scintillation,
which causes severe fluctuations in received signal power.

In FSO channel, scintillation and fog causes multiple photon propagation paths between
the transmitter and the receiver which results into signal attenuation and multiple scat-
tering. The underlying process will be multi-path propagation or dispersion. Generally,
each of the multi-path components has different relative propagation delays and attenua-
tions, which can result into signal fading. Some models exist in literature to study and
to mitigate the effects of multiple scattering effects on Laser beam propagating through
fog [109, 110, 111]. The simulation facility at Department of Electronics and Information
(DEI), Politecnico di Milano has been used to simulate and see the scattering effects on
Laser beam propagating through the radiation fog. Two simulators at DEI (Method I and
Method II will be used hereafter for two models) have been used to study the scattering
effects.

2.3.2 Method I for scattering analysis
Method I has been used to estimate the correction factor caused by dense fog conditions.
Method I also estimates the received power and amplification factor required to reduce the
effects of multiple scattering due to fog conditions.

2.3.2.1 Description of Method I
This is an analytical method based on radiative transfer equations [109, 110] which calcu-
lates the received power, correction factor and amplification factor required to mitigate the
effects of multiple scattering . In this method different types of fogs (radiation and advec-
tion fog) can be simulated by changing different drop size distribution (DSD) parameters.
The particle scattering function (i.e. the scattered complex amplitude as a function of the
scattering angle) is approximated by a Gaussian function.
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Based on a term-by-term integration of the small angle solution of the radiative transfer
equations (RTEs) a correction factor has been simulated due to multiple scattering effects
of all orders [109, 110]. In this simulation, correction factor has been computed and the
results of simulation are compared with the measured data.

Received power by an open detector has been considered for any given multiple scattering
medium, (i.e. there is no obstruction to its field of view) placed on the axis of a collimated
or divergent monochromatic beam as a function of its distance from the source.

Optical depth (τ) is the product of path length (z) and the extinction coefficient (σ ) of the
population of particles (in fog case).

τ = σ .z (2.6)

A given value of the optical depth can be obtained by several combinations of path length
and extinction coefficient. Moreover, for a given shape of the particle size distribution,
optical depth depends upon the path length and particle concentration. In the simulation
following parameters have been considered (Table 2.3).

Table 2.3: Input parameters for simulation

Serial No Description Parameter

1 DSD Arbitrary(δ )

2 Scattering Function Gaussian Approximation of the mainlobe (α)

3 Detector Type Open detector (θv)

4 Beam type Collimated or divergent (Gaussian beam)

5 Wavelength 1.06 µm

6 Receiver Diameter 1 cm

7 Spot size(ω0) γ = 0.35cm−1

The parameter spot size (line 7 of Table 2.3) and γ are related by following equation

γ =

√
2

ω0
(2.7)

2.3.2.2 Simulation results of Method I
Here, radiation fog has been considered in simulation. Simulation parameters for radiation
fog are provided in [109, 110] and are given below.

• Receiver Diameter = 1cm
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• Phase function divergence (α) = 28.20 (rad−1)

• Transmitted beam: Gaussian beam wave

• Fog DSD is modeled by a modified gamma distribution proposed in [109, 110] to
characterize the radiation fog

• Extinction coefficient = 21.775 km−1

The extinction coefficient due to multiple scattering is given as

σms = σss(1+C) (2.8)

Where, σms is an extinction coefficient due to multiple scattering, σss is extinction coeffi-
cient due to single scattering and C is correction factor. The correction factor C has been
introduced due to multiple scattering effects. The variation of correction factor and optical
depth is provided in Fig. 2.6. In Fig. 2.6 we can see the correction factor is around 3% for
optical depths up to 5; increasing to more than 5% when the optical depth is equal to 10
for radiation fog.

Figure 2.6: Plot showing Correction factor and Optical depth

The values of optical depth in Fig. 2.6 can be turned into corresponding path lengths
through Equation (2.6); assuming the path is uniformly filled with the above radiation fog.
The results are shown in Fig. 2.7.
It is obvious from Fig. 2.7 that for radiation fog (parameters are provided in [109, 110]),
the path length is varying upto 460 m for an optical depth of 10. Optical attenuations have
been calculated from optical depth for same DSD but with different particle concentrations.
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Figure 2.7: Plot showing path length and Optical depth

The effects can be seen in Table 2.4. If the optical depth is supposed to be 4 and correction
factor is 3.04% ( these values has been taken from simulations) having path length of 50,
100, 300, 500, and 1000 m then corresponding computed optical attenuations are provided
in the Table 2.4.

Table 2.4: Computed optical attenuation from optical depth and path length

τ = 4, Correction factor (3.04%) Attenuation (dB/km)

Z =50, σ = 80Km−1 347.2

Z =100, σ = 40Km−1 173.6

Z =300, σ = 13Km−1 56.42

Z =500, σ = 8Km−1 34.72

Z =1000, σ = 4Km−1 17.36

Simulated correction factor has been compared with the measured data. Table 2.5 shows
the simulated correction factor, optical depth and measured values at Prague. If specific
attenuation is 71.5 dB/km, measured at a path length of 100 m then it requires correction
factor of 3% due to multiple scattering. These results show that the multiple scattering has
minimal effect for the measured data of Prague.

In Table 2.5 the measured values are average values for four different fog events recorded
in Prague. It is obvious that we got different particle concentrations with the assumption
of radiation fog with same DSD.
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Table 2.5: Verification of the simulated results

Measured attenuation (dB/km) σ(km−1) path length(Z(m)) τ Correction factor

71.5 16.47 100 1.647 3%

75.83 17.47 100 1.747 3%

61.32 14.12 100 1.412 3%

95.48 22 100 2.2 3%

2.3.3 Method II for scattering analysis
Method II permits the characterization of the impulse response of the medium, by estimat-
ing the spread of time of arrival of photons at the receiver section. The further details of
Method II are provided in subsequent sections.

2.3.3.1 Description of Method II
This simulator characterizes impulse response of the medium, by estimating the spread of
the time of arrival for the photons at receiver section. The simulator tracks every single
photon from transmitter to receiver to see the effects of fog. Following parameters are
considered in this method.

• Number of photons

• Extinction coefficient

• Path length (1km)

• Wavelength( 785 nm)

• Particle scattering function for every drop size distribution (DSD)

• Beam type

• Drop size distribution DSD

2.3.3.2 Simulation results of Method II
Scattering effects due to radiation fog have been simulated. The general form of the simu-
lator is shown in Fig. 2.8

A line in Fig. 2.8 shows the path length. Transmitter is located at one end of line and
receiver is located at the other end of line. It shows that 33.65 % of the total transmitted
photons were received directly while, the rest 66.35 % of the total transmitted photons
were scattered. A Gaussian beam was transmitted in this simulator and is shown in Fig.
2.9.

Fig. 2.9 shows that the transmitted beam having a diameter of 4cm was launched from
transmitter section. Delay spread of arrival of photons was calculated. The probability
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Figure 2.8: General form of the simulator

Figure 2.9: The 20,000 photons launched from the transmitter section

density function of delay spread of transmitted photon is provided in Fig. 2.10, indicating
a delay spread of few Pico seconds over a path length of 1 km.

Fig. 2.11 and Fig. 2.12 show multiple scattering functions as a function of scattering
angle. It is obvious from Fig. 2.11, that the multiple scattering is not so significant for
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Figure 2.10: PDF of delay spread of Photon

a particle with diameter 1 µm. As the photons are scattered in every direction, they will
lose the path because the scattering angle is very large. It is clear from Fig. 2.12 that
multiple scattering is significant for particles having diameter of 50 µm. As the scattered
light is almost parallel to the transmitted beam therefore, the scattering angle is very small.
However, it is important to mention that particle concentration is an important factor which
affects the multiple scattering.
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Figure 2.11: Multiple scattering for fog particle with a diameter of 1 micrometer

Figure 2.12: Multiple scattering for fog particle with a diameter of 50 micrometer



3 Analysis of Optical attenuations

Besides the popularity of terrestrial FSO links during recent years the attenuations caused
by fog remained the main focus of the research community [112, 113, 114, 26, 115]. In this
chapter the analysis of optical attenuation are discussed with the main focus of linearity
or homogeneity of optical attenuation along with the path length. Various measurement
campaigns have been carried out at different locations by several institutes to study the
weather effects, mainly fog, on FSO links. Link distance between the FSO transceiver is
different for most of the measurement campaigns depending upon the installation, weather
conditions and the purpose of study. Specific attenuation with the unit of dB/km is widely
used for the detailed analysis of the optical attenuation with the assumption that the fog is
uniformly distributed along the path. The main focus of this chapter is to provide a detailed
analysis and study of the linearity or homogeneity in optical attenuations measured across
collocated links. However, this chapter also provides the analysis of optical attenuation
measured at Graz ( Austria), Prague (Czech Republic) and Milan (Italy).

3.1 Measurement at Graz
The research group Optikom at the Institute of Microwave and Photonic Engineering (for-
merly Institute of Broadband Communication) of Graz University of Technology con-
ducted measurement campaign stared from September 2005 and remained active till April
2006. Graz is located at latitude of 47◦ 05’, North and longitude of 15◦ 27’ East having
continental weather. The major focus of the measurement campaigns was to study the
influence of fog on FSO links. The 1st measurement campaign by the Institute of Mi-
crowave and Photonic Engineering of Graz University of Technology, was carried out at
Nice, France in June 2004. Nice has maritime environment. The 2nd measurement cam-
paign was conducted at Graz to study the influence of continental environment on FSO
links. In this chapter the analysis of continental environment is presented.

3.1.1 Measurement setup at Graz
The research group OptiKom at TU Graz is very active on FSO propagation studies and
experiments in different weather conditions. We conducted experiments on optical signal
transmissions in continental fog environments during winter months (Sept. 2005 - Feb.
2006) at Graz, Austria and in dense maritime fog conditions at Nice, France during June
2004. In this chapter we have provided the statistical data analysis of continental fog at-
tenuations measured at Graz on 80 m FSO link. The specifications of the FSO transceiver
used for attenuation measurements at Graz is tabulated in Table 3.1. The fog attenuation
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Table 3.1: FSO system specifications

Parameters 850 nm FSO Link 950 nm FSO Link

Tx Wavelength 850 nm 950 nm

Tx Technology LED LED

Rx Technology Si-APD Si-APD

Tx avg. optical power 8 mW 1mW per diode

Avg. radiated power 3.5 mW 4 mW

Tx aperture diameter 1 X 25 mm convex lens 4 X 25 mm convex lens

Rx aperture diameter 98mm 98 mm

Tx divergence angle 2.4 degree 0.8 degree

Rx acceptance angle 1.7 degree 1.7 degree

Rx sensitivity Min -35 dBm Min -35 dBm

Specific link margin 224 dB/Km 224 dB/Km

Link distance 79.8m 79.8m

data obtained from the measurement campaign was post processed in MatLab and Lab-
View software.

The link distance was selected carefully as a compromise between accuracy and allowable
attenuation range, depending on the expected maximum fog attenuation. The system pro-
vided a dynamic range of 25 dB at each wavelength. The link distance of 79.8 m allowed
us to measure specific attenuation up to 310 dB/km. The measured data was processed and
evaluated in MATLAB. Specific attenuation in dB/km is generally used for analysis of the
data as a standard.

3.1.2 Analysis of fog attenuations measured at Graz
Various measurement campaigns were conducted to study the fog effects on FSO links.
The optical attenuations have been measured reaching up to 120 dB/km averaged on a
minute scale over a link distance of 79.8 m. The maximum specific attenuation that was
recorded, reached up to 236 dB/km. One of the most successful measurement campaign
was started on September 27, 2005 and continued till March 1, 2006 for 156 days. During
the whole measurement campaign 18 major fog events were observed, the details of which
are tabulated in Table 3.2.

It is important to mention that the minimum duration of these 18 fog events is three and
a half hour. Table 3.2 shows the attenuation statistics of 18 major continental fog events
recorded at Graz. We observed that the measured attenuations were in high correlation
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Table 3.2: Statistics of fog attenuation measurement campaign at Graz, Austria [116]
ID Start date End date Start time End time Duration 50% 90% Max.
1 29.9.2005 29.9.2005 02:00:00 07:29:59 5:30 2.39 37.63 83.9315
2 25.10.2005 25.10.2005 03:00:00 10:59:59 08:00 38.29 93.19 112.1198
3 26.10.2005 26.10.2005 01:30:00 03:59:59 03:30 7.0810 110.8667 118.0525
4 10.11.2005 11.11.2005 16:00:00 09:59:59 18:00 12.9737 29.3020 71.4139
5 11.11.2005 12.11.2005 14:00:00 11:00:00 23:00 10.5382 33.8819 63.3891
6 22.11.2005 22.11.2005 00:00:00 05:59:59 06:00 5.9392 100.7586 113.8157
7 25.11.2005 28.11.2005 19:00:00 09:59:59 63:00 8.0926 19.6037 66.8660
8 28.11.2005 29.11.2005 22:00:00 05:59:59 08:00 9.2515 113.8157 124.6511
9 30.11.2005 30.11.2005 06:00:00 11:59:59 06:00 7.3776 103.2164 116.2736
10 02.12.2005 02.12.2005 01:00:00 17:24:59 16:25 0.9405 4.5956 96.4585
11 13.12.2005 14.12.2005 21:00:00 11:59:59 15:00 9.7898 62.4800 97.3173
12 25.12.2005 28.12.2005 19:32:00 13:30:59 65:59 6.4271 13.5516 42.8042
13 09.01.2006 09.01.2006 05:00:00 09:59:59 05:00 72.1849 109.5157 116.2022
14 09.01.2006 10.01.2006 22:00:00 04:59:59 07:00 1.0790 100.7586 121.5819
15 30.01.2006 31.01.2006 21:00:00 09:59:59 13:00 20.8970 81.7411 165.0155
16 31.01.2006 01.02.2006 15:00:00 08:59:59 18:00 46.6857 154.7429 225.7779
17 01.02.2006 02.02.2006 20:00:00 10:19:59 14:20 87.3802 168.3753 217.0663
18 02.02.2006 03.02.2006 21:00:00 07:59:59 11:00 28.9490 159.9085 236.0736

with the fog intensity and were highly dependent on the density and distribution of the fog
particles.

The optical signal attenuations (specific attenuation (dB/km)) were computed from the re-
ceived signal power using an appropriate model (implemented in LabView), based on the
hardware specification of the self-developed FSO system. The analysis of these 18 fog
events indicated that last four fog events belong to dense fog type having optical attenu-
ations higher than 143 dB/km. The remaining fog events were of thick fog types. The
9th column (last column) in Table 3.2 shows the maximum value of specific attenuation
reached for respective fog event.

In the area of Graz, the continental fog events tend to occur in the winter season, usually
from September to the end of February. During our measurement campaign of year 2005-
06, we measured 18 low visibility fog events; all having durations more than three and
half hour. We analyzed measured attenuations of these 18 major fog events and found out
that 04 out of 18 fog events were dense continental fog events. The specific attenuations
easily exceeded 143 dB/km and visibility range was less than 70 m. The remaining 14 fog
events were some kind of thick continental fog events with visibility range lying between
70 m and 250 m. The important feature of the dense continental fog events was that they
all occurred in January and February 2006, while the thick continental fog events occurred
in between September 2005 to December 2005. The maximum attenuation measured was
about 236 dB/km averaged on a second scale corresponding to the most dense fog event
of 2nd February, 2006 A time series of all 18 continental fog events having measured
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attenuations averaged on a minute scale is shown in Fig. 3.1 and a representative dense
fog event is shown in Fig. 3.2 respectively.

Figure 3.1: Time series of 23 fog events attenuations averaged on a minute scale

Figure 3.2: Time series analysis of densest continental fog event

3.2 Measurement at Prague
Department of Frequency Engineering, Czech Metrology Institute (CMI) Prague, Czech
Republic, conducted measurement campaign to study the atmospheric effects on FSO
links. The FSO links were operational at wavelengths of 1550 nm and 830 nm at two
different path links. Here, the analysis of five months measured data is presented.



3 Analysis of Optical attenuations 28

3.2.1 Measurement setup at Prague
The measurement campaign was carried out at the Department of Frequency Engineering,
CzechMetrology Institute (CMI) Prague, Czech Republic from 08.01.2009 till 31.05.2009.
Prague is located at latitude 50◦ 05’ 12” N longitude 14◦ 24

′
59

′′
E and at altitude of 191

m. Prague has continental weather having the air mean temperature of 10.4 ◦C since 1971-
2000 [117]. The technical specifications of the experimental installation in Prague are
given in Table 3.3. The FSO systems were installed 26 meters above the ground level.

Table 3.3: Technical details of the FSO links
Description 1550nm Link 830nm Link
Wavelength 1550 nm 830 nm
Link distance 100 m 100 m
Transmitted Optical power 3.5 dBm 13 dBm
Lens Diameter 18 cm 15 cm
Fade Margin 13 dB 18 dB
Modulation Scheme OOK Intensity modulation OOK Intensity modulation

The link margin of the two FSO systems allowed the measurement of specific attenuation
up to 180 dB/km for 830 nm wavelength systems and 130 dB/km for 1550 nm systems.
Optical calibration was performed before deploying the FSO devices. A received power is
obtained from the calibrated Received Signal Strength Indicator (RSSI) signal of the FSO
link.

Meteorological conditions were identified by means of a color video camera and an auto-
matic weather observation system located near the FSO receivers. The system used Vaisala
sensors for the measurement of temperature, humidity, air pressure, velocity and direction
of the wind.

The VAISALA PWD 11 equipment measured the atmospheric visibility (5% definition)
values in the range from 50 m up to 2000 m using forward scattered light in the angle of
45◦. The PVM-100 device was used to measure liquid water content LWC (g/m3) and
integrated particle surface area PSA (cm2/m3) of fog.

The meteorological data was synchronized in time with the hydrometer attenuation mea-
surement. The received FSO signal levels and the meteorological data were recorded syn-
chronously on a PC’s hard disk. In this chapter five months real time measurement data of
fog attenuations (observed using 1550 nm optical wavelength) are analyzed. The reason
for selecting attenuation data for analysis against this wavelength is its increasing impor-
tance for future FSO system. Few sample data points taken against a representative fog
event of 9 January 2009 are tabulated in Table 3.4.

Table 3.4 presents the day and the time alongside the attenuation values in dB for 830
nm and 1550 nm systems over 100 m link. The recorded values of LWC (g/m3), PSA
(cm2/m3) and the visibility in meters are also shown.
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Table 3.4: Some sample data points recorded on January 9, 2011

3.2.2 Analysis of fog attenuations measured at Prague
The measurement campaign was performed at the Department of Frequency Engineering,
CzechMetrology Institute (CMI) Prague, Czech Republic from 08.01.2009 till 31.05.2009.
Two FSO systems were installed at a path link of 100 m and 853 m using wavelength of
1550 nm. A time series analysis of the representative fog event measured on 20-21 January
2009 is shown in Fig. 3.3.

The vertical axis of the Fig. 3.3 shows the attenuation in dB/km and horizontal axis shows
the minutes of the day. This fog event was recorded on midnight of 20-21 January 2009. It
shows the interesting insight of fog formation, fog dissipation and mature fog stages. The
total duration of this fog event was 6 hours. The fluctuations of few initial minutes starts
from 23:00 and persists till 23:30, it shows the fog formation stage when the visibility
starts decreasing and optical attenuations start increasing. During the mature fog stage
the attenuations are a bit stable. Fog took one hour to dissipate. Fog dissipation starts
around 04:06 till end. In fog event shown in Fig. 3.3 the maximum recorded attenuation
was 114.32 dB/km, whereas, minimum recorded attenuation was 50.465 dB/km. 50 % of
the attenuations remains below 103.57 dB/km. During the measurement campaign of five
months at Prague a total of six fog events were recorded. The 1st fog event was observed on
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Figure 3.3: Time series of analysis of a representative fog event

08.01.2009 at 23:15 till 09.01.2009 at 06:51, 2nd fog event was measured on 16.01.2009
at 17:00 till 17.01.2009 at 03:05, the third fog event was recorded on 20.01.2009 at 23:00
till 21.01.2009 at 04:59, 4th fog event occurred on 07.02.2009 at 01:02 till 07.02.2009 at
11:05, 5th fog event was observed on 19.04.2009 at 04:09 till 19.04.2009 at 07:31 and the
last 6th fog event was recorded on 31.05.2009 from 00:57 till 31.05.2009 at 04:21. The
last fog event contains interesting information that this fog event occurred at the end of
May. It is also important to mention that during a five months measurement campaign, no
dense fog event was observed in Prague.

3.3 Measurement at Milan
The Department of Electronics and Information (DEI), Politecnico di Milano, conducted
measurement campaign to study the weather influence on FSO links. Milan is located at
Latitude 45◦ 25

′
N and Longitude of 09◦12

′
E with continental environment.

3.3.1 Measurement setup at Milan
A commercial FSO system, Terescope 3000, was installed at the Politecnico di Milano (
Campus Leonardo) at a path length of 319 m. The FSO system consisted of two identical
transceivers working at wavelength of 785 nm and were capable of transmitting the data
of 155 Mbps. The transmitter contained three identical and independent semiconductor
laser diodes with output power of 10 mW and beam divergence of 2.5 mrad. Optical trans-
missiometer (Model 6100) was used to measure visibility. A weather station was installed
to measure different weather quantities like temperature, relative humidity, solar radiation,
rain rate etc. The optical attenuations were sampled at every minute. The measurement
campaign started in 2003 and remained active till 2006.
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3.3.2 Analysis of fog attenuation measured at Milan
The analysis of a sample fog event recorded from 00:00 of 8-Jan-2005 to 23:59 of 15-
Jan-2005 has been presented. The optical attenuation data was sampled at one sample per
minute. The time series analysis of the attenuation data is presented in Fig. 3.4.

Figure 3.4: Time series of densest continental fog event attenuations measurement

The summary statistics of attenuation is presented in Table 3.5. It is obvious from Table
3.5 that 95% of the attenuations remained below 23.63 dB/km. It shows that in Milan
for most of the time only moderate fog occurred. Only 5% of the optical attenuations are
going as high as 64.71 dB/km.

Table 3.5: Summary of the measured data at Milan
Description Value
Sample Size 10068

Range 64.693
Mean 6.6138

Variance 80.151
Standard Deviation 8.9527

Minimum 0.02433
Maximum 64.718
25% (Q1) 2.3189

50% (Median) 4.0406
75%(Q3) 7.122

95% 23.631
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3.4 Linearity in optical attenuations
The department of Frequency Engineering at CzechMetrology Institute is conducting mea-
surement campaign at path links of 100 m and 853 m using the wavelength of 1550 nm.
The fog attenuation data of five months was collected to investigate the linearity or homo-
geneity of optical attenuations over the two mentioned path lengths. The recorded data of
optical attenuations measured using the wavelength of 1550 nm was selected for the anal-
ysis, keeping in view, the increasing importance of the 1550 nm window for future FSO
system. Fig. 3.5(a) provides the graphical illustration of measured optical attenuations in
dB/100 m and dB/853 m and real time measured visibility in meters for the recorded data
at path lengths of 100 m and 853 m. Fig. 3.5(b) provides the graphical analysis of specific
attenuation (dB/km) and visibility in meters for the recorded data of both links.

The accuracy of the measurements of Fig. 3.5(a) and 3.5(b) is validated by the fact that as
visibility decreases, the attenuation in Fig. 3.5(a) and specific attenuation in Fig. 3.5(b)
increases and vice versa. The fade margin of 853 m path link is about 15 dB which al-
lowed the measurement of maximum specific attenuation of 17.58 dB/km. When a fog
event occurred the 853 m path link is saturated and the effects can be seen in Fig. 3.5(a)
and 3.5(b) respectively, where the link is saturated under fog conditions. The fade mar-
gin of 100 m path link was 13 dB which allowed the measurement of maximum specific
attenuation of 130 dB/km and Fig. 3.5(a) and 3.5(b) shows that the link remains under
saturation. It is obvious from Fig. 3.5(a) and 3.5(b) that there occurred certain fog events
during this measurement campaign showing high levels of optical attenuations (dB/km)
having corresponding visibility well below 1000 m. Therefore, we carefully selected sam-
ple fog events recorded on 8th - 9th January, 9th January, 16th January and 20th - 21st
January 2009 for further analysis. Fig. 3.6 provides the graphical illustration of optical
attenuations measured in dB/100 m and dB/853 m and specific attenuations for selected
fog events are shown in Fig. 3.7.

Fig. 3.6(a) corresponds to the fog event observed on 8th - 9th January 2009, Fig. 3.6(b)
shows the fog event of 9th January 2009, Fig. 3.6(c) provides the fog event of 16th January
2009 and the graphical analysis of fog event measured on 20th - 21st January 2009 is
given in Fig. 3.6(d). Horizontal axis of Fig. 3.6 represents minutes of the day while the
vertical axis represents the attenuation in dB/100 m (for 100 m path link) and dB/853 m
(for 853 m path links), respectively. When the visibility decreases well below 1000 m the
attenuation level increases and the 853 m path link comes to saturation level (as shown in
Fig. 3.6) while the 100 m path link remains under saturation level due to higher value of
fade margin.

If we assume that fog is uniformly distributed along the FSO path link, then optical atten-
uation measured at two different path links under the similar conditions shall be linearly
correlated. Regression analysis has been done to observe the linear relationship between
the optical attenuation measured at two different path links. A fog event recorded on 20th
- 21st January 2009 has been selected carefully for regression analysis. The path link was
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(a) Time series analysis of visibility and optical attenuations

(b) Time series analysis of visibility and specific attenuations

Figure 3.5: Time series analysis of measured attenuation
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(a) Fog event of 8-9 January (b) Fog event of 9 January

(c) Fog event of 16 January (d) Fog event of 20-21 January

Figure 3.6: Analysis of optical attenuation for selected fog events

853 m and 100 m with an operational wavelength of 1550 nm. The time series analysis
of optical attenuations measured at this fog event is presented in Fig. 3.8 (for the two
mentioned path lengths).

The horizontal axis in Fig. 3.8 represents the minutes of the day and vertical axis shows
the specific attenuation in dB/km. The results of regression analysis over the recorded
attenuation data of selected fog event are shown in Fig. 3.9.

By analyzing the plot as shown in Fig. 3.9, we observe partial linearity/homogeneity of the
recorded optical attenuations which indicates that for the shorter path link, fog is linearly
distributed while for longer path link it is not. This may be due to the fact that measured
attenuation data is quite scattered as shown in Fig. 3.9. The following linear relationship
has been found between the optical attenuation measured at two different path lengths.

Y = 0.3531X+9.0013 (3.1)

where, X in equation 3.1 represents the specific attenuation measured over 100 m path
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(a) Fog event of 8-9 January (b) Fog event of 9 January

(c) Fog event of 16 January (d) Fog event of 20-21 January

Figure 3.7: Analysis of specific attenuation for selected fog events

link and Y represents the specific attenuation measured over 853 m path link. The value
of coefficient of determination (R- squared) or R2 for linear model (0.26 or 26%) is quite
less. Here, the value of Rsquared shows that we can not predict the optical attenuation
of one link while having the measured optical attenuation of another link under the same
circumstances or more precisely simple division of the measured optical attenuation of a
link with the link distance would not accurately calculate the specific attenuation. Further,
we found the following power relationship between the optical attenuation measured at
two different path lengths, with R-squared value of 0.39 (or 39%).

Y = 4.99X0.39 (3.2)

where, X in above Equation (3.2 represents the specific attenuation measured over 100
m link distance and Y represents the specific attenuation measured over 853 m link dis-
tance. The R-squared value in the above equation is higher than a linear relationship and
mathematically quantifies the nonlinearity of the measured optical attenuation at the two
different path lengths.
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Figure 3.8: Time series analysis of a specific fog event selected for linearity analysis

Figure 3.9: Regression analysis of a selected fog event

The linearity of the measured optical attenuations has been investigated by comparing
the data of 100 m and 853 m path link. Although the correlation is not strong enough,
we found that the optical attenuation in 100 m and 853 m is partially linearly correlated
which is consistent with the general assumption of the homogeneity of the fog events in a
short distance link. The possible reason for such less correlation in the current result is the
measurement error in which the fade margin of 853 m path link is about 15 dB. Thus, some
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optical attenuations of 853 m path link are saturated and can not be precisely compared
with that of 100 m path link. Some studies need to be conducted in the future to strengthen
our current findings and this study could be done by using some fog sensors in between
the transceivers.

At the end we can summarize that the optical attenuation at a dense fog event measured
for a short link (as example 100 m) can be calculated for 1 km (specific attenuation). But
if we extrapolate from this specific attenuation (at 1 km) the attenuation for a 3 km link
for example, it is possible and very probable that we will get a different result on optical
attenuations (compared to a real measured 3 km FSO-link). Such a disagreement can occur
because the fog is usually not of the same density over the whole distance of 3 km.



4 Probabilistic Model for FSO Links Under Continental Fog
Conditions

The demands of high bandwidth communication applications are increasing day-by-day.
FSO links are of prime importance in order to meet the needs of future high bandwidth
terrestrial and ground-space communication applications [9] because FSO links operate at
a license-free frequency band and offer virtually unlimited bandwidth at high data rates
with a high security [118].

Widespread acceptability of FSO communication systems is hindered by its susceptibility
to certain weather conditions (fog, snow, clouds etc.) and atmospheric variations (wind,
temperature and humidity variations etc.). Received signal strength is highly influenced
by some internal parameters or system parameters (system pointing and tracking induced
fading) and many physical effects like absorption and scattering due to fog and scintilla-
tion. These atmospheric effects cause attenuation, temporal and spatial fluctuations of the
received signal respectively. For terrestrial FSO links scintillation effects can be mitigated
by increasing transmission power. There are also some other proposed techniques avail-
able to mitigate the scintillation effects like, wavelength diversity [119], multiple transmit
beam [120] and multiple receiver [121]. The proposed techniques could be the only way
to reduce the effect of scintillation but can not guarantee error-free channel [122]. The
main impairing factor for terrestrial FSO links is fog [123]. There is a need for thorough
investigations and studies to handle the effects of fog and additional techniques to reduce
the effects of fog on FSO links.

Fog is characterized by several physical parameters such as liquid water content, particle
size distribution, temperature and humidity. Since the size of fog particles is comparable
to the transmission wavelength of optical and near infrared waves, Mie scattering is mainly
responsible for causing high attenuation in different fog conditions [12].

The development of efficient design of FSO system is needed to consider fog channel
model. There are alot of physical parameters which effect the performance of FSO sys-
tem, therefore, it is very difficult to propose a model which can characterize all physical
parameters. This can be done by studying the statistical description of received signal. The
statistical description is derived from actual measurement data. Most commercially avail-
able FSO systems are based on intensity modulation with direct detection (IM/DD) using
on−off keying (OOK) or pulse position modulation; therefore, the focus of this work is on
channel modeling for such systems.
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There are some probalistic models available for fog. The most significant work in this
direction was presented by E. P. Shettle [98]. E. P. Shettle used modified Gamma distribu-
tion to model fog and cloud’s drop size distribution (DSD). There are some other efforts
to provide a statistical channel model for fog conditions. Sajid et. al. [75], presented the
PDF estimates of two selected continental fog events. Sajid et. al. [75] concluded that the
Lognormal and Gamma PDF have been found to be the two closest fit for continental fog at
Graz. Wakeby distribution was proposed in [124] for dense continental fog conditions. B.
Epple [122] presented the PDF models for turbulence as gamma-gamma or log-normal. B.
Epple [122] considered three different scenarios for FSO i.e. maritime-mobile link, a land-
mobile link, and a satellite downlink. He presented the data collected from four different
projects, ATENAA, LCT-Marine, KIODO 40 cm, KIODO 5 cm having the total duration
of 50 minutes. In this study long term measured data of optical attenuations measured at
Graz and Prague has been presented to find best fit PDF.

Measured Optical attenuations under continental fog conditions were evaluated statisti-
cally by considering the measured data of Graz and Prague. Different PDFs were evaluated
on the basis of their best fit (from quantile-quantile (Q-Q) plot and probability-probability
or percent-percent (P-P) function plots) for actual measured attenuation data and have plot-
ted their cumulative distribution functions (CDF).

Here, we utilized the measured data of Graz and Prague to find the best fit statistical dis-
tribution model. Due to high range of optical attenuation measured at Graz, the Graz data
has been analyzed for different fog conditions. The Graz measured data of optical atten-
uations has been divided and analyzed into dense fog, thick fog, moderate fog, light fog
and general fog types . In case of Prague, the measured data has been analyzed only for
general fog conditions because the density of fog occurred in Prague is relatively less as
compared to that of Graz.

In order to study the influence of different fog types and to suggest distribution model of
each fog type for terrestrial FSO links, the whole set of attenuation data recorded over
the period of six months is categorized into four distinct classes of fog types based on the
international code of visibility as mentioned in Table 2.1. By this way, all the attenuation
values higher than 143 dB/km were taken in the bin of dense fog, optical attenuations
between 40-143 dB/km was taken as thick fog, 20-40 dB/km as moderate fog and 9.3-20
dB/km was included into the bin light fog. The main focus of this chapter is to find the best
fit probabilistic model using the 6 months measured data of optical attenuation at Graz and
5 months recorded data at Prague.

4.1 Background
Probabilistic model for FSO links can be very useful not only for having prior estimate
of attenuation PDF but also to understand the behavior of the channel. All the distribu-
tion functions were compared to find the best fitted distribution, which can describe the
properties of the FSO channel under continental fog conditions in a better way through
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Q-Q plot and P-P plot. The results of Q-Q plot and P-P plot suggested that Kumaraswamy
distribution can be used to describe the characteristics of the FSO channel under general
fog conditions. Wakeby distribution is the best fit model under dense continental fog con-
ditions [124]. While Logistic distribution is the best fit model for thick fog and Johnson SB
distribution is the best fit for moderate and light fog measured data, respectively and the
distribution functions for the above mentioned models are given in subsequent section.

4.1.1 Wakeby distribution
Wakeby distribution best fits the measured attenuation data for the dense fog conditions as
this distribution can overcome certain deficiencies associated with traditional distributions.
It can absorb more degrees of freedom than those distributions which are currently in use.
The Wakeby distribution assumes that the observations of each sample are independently
and identically distributed and there is no serial correlation and they are non-stationary.
The density distribution of Wakeby is based on the five-parameters; neither the higher
sampling moments nor even the sample variance are used to estimate those parameters.
In traditional estimation procedures, the smallest observation can have a substantial effect
on the right-hand side of the distribution. But the left-hand side does not necessarily add
informations to an estimate of a quintile on the right-hand side. There is also some reason
to believe that none of the standard distributions have the properties on their left-hand
sides that may, in fact, reflect nature. The Wakeby distribution is defined as an inverse
distribution function [125] and is given by Equation 4.1,

X =−a(1−F)b+ c(1−F)d + e (4.1)

Where, F is uniformly distributed (0, 1) and a, b, c and d are continuous and positive
parameters, whereas, e is sometimes positive. The first and second order moment about
mean are given in Equation 4.2 and 4.3 respectively,

µ ′1(x) = e− [
a
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] (4.2)
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4.1.2 Logistic distribution
The logistic distribution is similar to normal distribution but this distribution is quicker
to calculate than the normal distribution [126]. Another advantage over the normal dis-
tribution is that it has a closed form CDF but has longer tails and a higher kurtosis than
the normal distribution. The distribution function of logistic function is given in Equation
4.4.

f (x) =
α

β
[
x− γ

β
]α−1[1+[

x− γ

β
]α ]−2 (4.4)

and parameters are
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α- Shape parameter (α > 0)
β - Scale parameter (β > 0)
γ- Location parameter (γ = 0, yields the two-parameters Log-Logistic distribution)

4.1.3 Johnson SB distribution
The Johnson SB distribution, or alternatively the 4-parameter lognormal model, is appeal-
ing on theoretical grounds as a candidate probability distribution function for ratios, or
variates constrained by extremes [127]. It has found applications in a variety of fields in-
cluding ambient air pollution , rainfall distribution and forestry . The distribution function
of Johnson SB distribution function is provided in Equation 4.5.

f (x) =
δ

λ .
√
2π.z[1− z]

exp[−1
2
[γ +δ . ln[

z

1− z
]]2] (4.5)

and parameters are
α- Shape parameter (α > 0)
β - Scale parameter (β > 0)
γ- is continuous shape parameter
δ - Continuous shape parameter (δ > 0)
λ - Continuous scale parameter (λ > 0)
ξ -Continuous location parameter
And domain is ξ ≤ x≤ ξ +λ

4.1.4 Kumaraswamy distribution
Kumaraswamy distribution is a two-parameter family of distributions which has many
similarities to the beta distribution and a number of advantages in terms of tractability (it
also, of course, has some disadvantages) [128]. Kumaraswamy distribution has its gen-
esis in terms of uniform order statistics, and has particularly straightforward distribution
and quantile functions which do not depend on special functions (hence afford very easy
random variate generation). The distribution might, therefore, have a particular role when
a quantile-based approach to statistical modeling is taken, and its tractability has appeal
for pedagogical uses. To date, the distribution has seen only limited use and developed
for the modeling of hydrological parameters. The distribution function of Kumaraswamy
distribution is provided in Equation 4.6.

f (x) =
a1a2za1−1(1− za1)a2−1

b−a
(4.6)

where,

z≡ x−a

b−a
(4.7)



4 Probabilistic Model for FSO Links Under Continental Fog Conditions 42

and parameters are,
a1 - shape parameter(a1 > 0)
a2 - shape parameter (a2 > 0) a,b - boundary parameters (a< b)
and domain is a≤ x≤ b

4.1.5 Performance analysis
Graphical ways for performance analysis (goodness-of-fit) such as Q-Q plot and P-P plot
has been used for Graz data, whereas, Kolmogorov-Smirnov test is also included and used
for Prague data.

4.1.5.1 Q-Q Plot
The graphical analysis of the data can refer a basic shape of the distribution. Several
distribution models can be compared intuitively. The easiest way to do this comparison is
through Q-Q plot. The Q-Q plot is a plot of the points (Q(pr), x(r)), i.e., the n data quantiles,
x(r), against the corresponding model quantiles, Q(pr). Where, Q(p) is a suitable model,
x(1), x(2), x(3), ..., x(n) are the n-ordered observations and pr, r = 1, 2, 3, ... n, are the
corresponding probabilities; pr = (r - 0.5)/n. This plot will approximate a good model by
a straight line since the model gives the p-quantiles, xp, as a function of p; xp = Q(p) and
the line should be at 45 degree. In practice, Q(p) is often a model fit to the set of data,
denoted by (p). Hence, the plot of ( (pr), x(r)) is called the fit-observation diagram and the
45 degree line is the line of perfect fit. An inappropriate model will show some systematic
curvature. For models with unknown position and scale parameters, the straightness of the
line of the Q-Q plots can still be examined. For unknown shape parameters, there will be a
need to give numerical values to the parameters to enable the Q-Q plot to be drawn. If the
plot veers away at the ends, it indicates that the distribution need to have either shorter or
longer tails at that end [129].

4.1.5.2 P-P Plot
A probability-probability (P-P) plot is used to see if a given set of data follows some spec-
ified distributions and it should be approximately linear if the specified distribution is the
correct model. The probability-probability (P-P) plot is constructed using the theoretical
cumulative distribution function, F(x), of the specified model. The values in the sample of
data sorted in order from smallest to largest, are denoted as x(1), x(2), ..., x(n). For i = 1,
2, ....., n, F(x(i)) is plotted against (i-0.5)/n . Concerning how the distribution composing a
single P-P plot compare , a P-P plot that lies on 45 degree line indicates that the two distri-
butions are identical, whereas, a P-P plot strictly above or below 45 degree line indicates
that one distribution stochastically dominates the other [130].

4.2 PDF estimation of Graz Data
In this section detailed analysis and simulation results of measured optical attenuations
data of Graz have been presented. Curve fitting techniques were applied on measured data
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for all kinds of fog (Different types of fog are given in Table 2.1) to get the most ap-
propriate probabilistic model for terrestrial free-space optical communication links under
different continental fog conditions. All continuous distribution functions were compared
through Q-Q plot and P-P plot for the actual measured data and selected only the two best
fit distribution models for each kind of fog. Although histogram is a convenient way to
get insight into the probability distribution associated with the continuous random variable
but PDF and CDF are presented for analysis. PDF, though, is a common way to visualize
a distribution but for statistical analysis, CDF is better suited than the PDF. The integral
of the PDF calculated from histogram should be equal to 1, but this is not true in some
cases. To circumvent this inaccuracy, the use of empirical CDF (ECDF) can be helpful as
all data points have to be normalized by the maximum value for an accurate representation
of ECDF. To avoid uncertainty , both PDF and CDF are used because these are also the two
general ways of defining a distribution. The analysis of the measured data resulted in the
calculation of some basic parameters for different types of fog i.e. dense, thick, moderate
and light fog, along with whole range of fog conditions. Table 4.1 quantify some basic
features of the measured optical attenuations data. These parameters are given in Table
4.1. As evident from Table 4.1 taht sample size and mean is different for all types of

Table 4.1: Descriptive statistics of all fog events
Description Dense fog Thick fog Moderate fog Light fog General fog
Sample Size 25451 183290 86355 225259 520355

Mean 171.82 78.318 27.364 13.338 46.306
Variance 376.3 457.33 30.706 8.6605 1849.9
Std. Error 0.12159 0.04995 0.01886 0.0062 0.05962
Skewness 0.79165 0.25302 0.56434 0.53469 1.4397
CV x 100 11.2897218 27.31 20.25 22.06 92.88

fog, therefore, coefficient of variation (CV) is used as a standard quantity to describe the
variation. The coefficient of variation (CV) is presented in last line of Table 4.1. CV is
a ratio of the standard deviation to the mean and it is a useful statistics for comparing the
degree of variation. Here, CV in Table 4.1 under each fog type tells us about the variation
in specific attenuations for a particular fog type. From the Table 4.1, it is visible that the
dense fog has least variations and so is the most stable as compared to the other fog types,
whereas, general fog has most variation, which gives some insight about the variations of
fog. It means that in case of dense fog the behavior of the channel remains almost constant,
whereas, in case of general fog variations in channel are very high. The main reason be-
hind this is that during the fog formation and fog dissipation, fog changes rapidly. The 4th
line indicates the skewness. The skewness for all kinds of fog is positive which indicates
that data are skewed right. Skewed right means that the right tail of the distribution of the
data is long relative to the left tail. The skewness of general fog is highest value, whereas,
thick fog has less value. If we see figures 4.2(a) and 4.5(a), it is clearly indicated that the
higher attenuation of general fog are more symmetric as compared to thick fog.
For the detailed statistical analysis of the specific attenuation(dB/km) of received signal,
18 fog events from terrestrial free-space optical communication demonstrations have been
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used. The measurements data represent some typical areas where FSO links were de-
ployed.

4.2.1 Dense fog
In order to statistically evaluate the attenuation data for dense continental fog, and to ob-
serve its characteristics we selected fog attenuation values exceeding above 143 dB/km
measured on a second scale on 80 m FSO link. The descriptive statistics of the selected
attenuation data set are presented in Table 4.1, curve fitting is applied on the sampled at-
tenuation data by comparing different probability distribution functions. It is found that
Wakeby distribution best fits the measured attenuation data for the dense fog condition.
For dense fog, the histogram of PDF and CDF along with Q-Q plot and P-P plot are given
in Figs 4.1(a), 4.1(b), 4.1(c) and 4.1(d) respectively.

(a) pdf of the dense fog (b) cdf of the dense fog

(c) P-P plot of the dense fog (d) Q-Q plot of the dense fog

Figure 4.1: Statistical analysis of the dense fog

By comparing the histogram of measured data and the plots of PDF and CDF as shown
in Fig. 4.1(a) and Fig. 4.1(b), the Wakeby distributions seem to have more accuracy as
compared to other density functions for our measured attenuation data. Furthermore, if we
observe the Q-Q plot for these density functions in Fig. 4.1(d), Wakeby distribution seems
to be a better fit. Fig.4.1(c) shows the P-P plot for the selected distribution functions.
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The parameters for selected distribution for every kind of fog were calculated, these pa-
rameters are given in Table 4.2. Note that ∗ in Table 4.2 indicates the best fit distribution

Table 4.2: The calculated parameters for the selected distribution functions

Description Distribution Parameters

Dense fog
Wakeby∗ a =51.517, b =8.4422, c =30.569, d = -0.29677, e =142.79

Johnson SB γ=1.1237, δ =1.033, λ =111.86, ξ =139.82

Thick fog
Logistic∗ σ =11.79, µ =78.318

Nakagami m =3.5126, Ω =6591.0

Moderate fog
Johnson SB∗ γ=0.53036, δ =0.62405, λ =20.894, ξ =19.886

Wakeby α =11.123, β =0.44992, γ =0, δ=0, ξ =19.693

Light fog
Johnson SB∗ γ=0.51767, δ =0.65162, λ =11.315 , ξ =9.2184

Wakeby α =6.1241, β =0.48097, γ =0 δ=0, ξ =9.2025

General fog
Kumaraswamy∗ α1 =0.45233, α2=1.6528, a=9.3395, b=236.09

Gen. Gamma (4P) k=1.0277, α =0.58616, β =62.564, γ =9.3395

according to the results of Q-Q plot and P-P plot. Table 4.2, shows the two best fitted
distributions on our data against every kind of fog.

4.2.2 Thick fog
Thick fog is characterized when the visibility range is 40 - 70 m and attenuation level is
143-40 dB/km. In order to evaluate statistically the attenuation data for thick fog, and to
observe its characteristics fog attenuations values exceeding from 40 and less than 143
dB/km measured on a second scale on 80 m FSO link, were selected. The descriptive
statistics of the selected attenuation data set are presented in Table 4.1. Curve fitting is
applied on the sampled attenuation data by comparing different probability distribution
functions. We found that logistic distribution best fits the measured attenuation data for
the thick fog conditions, by comparing, several distributions on the attenuation data for
the thick fog through visualizing Q-Q plot and P-P plot. The results of Q-Q plot and P-P
plot suggest that Logistic distribution and the Nakagami distribution are the two best fitted
distributions for thick fog. The PDF over the histogram of the measured data for two best
fitted distribution is given in fig 4.3(a). While, goodness of fit is tested with the help of
Q-Q plot and the P-P plots for the two mentioned distributions. The results are shown
in Figs 4.2(a), 4.2(b), 4.2(c), 4.2(d) for attenuations corresponding to thick fog. In figure
4.2(a) probability density plot shows that Logistic density function has better fit for thick
fog data. Fig. 4.2(b) shows the cumulative distribution function of logistic distribution
which is a good approximation. Figs 4.2(c) and 4.2(d) shows that P-P plot and Q-Q plot,
respectively. P-P plots and Q-Q plots are not continuous which shows some unusual peaks
in the histogram. These breaks represent that during fog formation or fog dissipation the
channel is changing abruptly. For thick fog it is very difficult to decide which distribution
is better on the basis of P-P plot and Q-Q plot because both plots are overlapping. Here, we
can use CDF for decision. If we observe fig 4.2(b) the logistic distribution is more linear
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(a) pdf of the thick fog (b) cdf of the thick fog

(c) P-P plot of the thick fog (d) Q-Q plot of the thick fog

Figure 4.2: Statistical analysis of the thick fog

as compared to Nakagami distribution. CDF confirms that logistic density function have
better fit for thick fog. The calculated parameters for logistic and Nakagami distributions
are given in Table 4.2.

4.2.3 Moderate fog
Fog attenuation values in the range of 20-40 dB/km measured on a second scale on 80 m
FSO link for the statistical evaluation of the attenuation data for moderate fog and observ-
ing its characteristics, were selected. Table 4.1, presents the descriptive statistics of the
selected attenuation data set. Curve fitting has been applied on the sampled attenuation
data by comparing different probability distribution functions. Johnson Sb and Wakeby
distribution model has better results as compared to any other distribution model. It was
found out that Johnson Sb distribution best fits the measured attenuation data for the mod-
erate fog conditions. For moderate fog, the histogram over PDF and CDF along with Q-Q
plot and P-P plot are given in Figs 4.3(a), 4.3(b), 4.3(c), 4.3(d). It is evident from figure
4.3(a) that probability density plot for that of Johnson Sb density function has better fit for
moderate fog attenuation data. Figure 4.3(b) shows the cumulative distribution function
of Johnson Sb and Wakeby distribution for moderate continental fog. Figures 4.3(c) and
4.3(d) shows the P-P plot and Q-Q plots, respectively. If we see figure 4.3(d), the Q-Q
plot for Johnson Sb distribution is converging at the end while for Wakeby distribution it



4 Probabilistic Model for FSO Links Under Continental Fog Conditions 47

(a) pdf of the moderate fog (b) cdf of the moderate fog

(c) P-P plot of the moderate fog (d) Q-Q plot of the moderate fog

Figure 4.3: Statistical analysis of the moderate fog

is diverging, which shows that Johnson Sb distribution is a better model for moderate fog
data. The calculated parameters for Wakeby and Johnson Sb are given in Table 4.2.

4.2.4 Light fog
The data in the range of 9.3-20 dB/km measured attenuation data on a second scale on the
80 m FSO link for the statistical evaluation for light fog conditions is considered and find to
be the best suited probabilistic model. Table 4.1 illustrates the descriptive statistics of the
selected attenuation data set. Curve fitting on the sampled attenuation data were applied to
find the best model and different PDFs were compared for light fog. It was found out that
Johnson Sb distribution best fits the measured attenuation data for the light fog condition.
For light fog, the PDF over histogram and CDF along with Q-Q plot and P-P plot are
given in Figs 4.4(a), 4.4(b), 4.4(c), 4.4(d). From figure 4.4(a) probability density plot, it is
evident that Johnson Sb density function has better fit for light fog attenuation data. Figure
4.4(b) shows the cumulative distribution function of Johnson SB and Wakeby distribution
for light continental fog. Figures 4.4(c) and 4.4(d) shows the P-P and Q-Q plots. If we see
figure 4.4(d), the Q-Q plot for Johnson Sb distribution is converging at the end while for
Wakeby distribution it is diverging, which shows that Johnson Sb distribution is a better
model for moderate fog data. The calculated parameters for Wakeby and Johnson Sb are
given in Table 4.2.
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(a) pdf of the light fog (b) cdf of the light fog

(c) P-P plot of the light fog (d) Q-Q plot of the light fog

Figure 4.4: Statistical analysis of the light fog

4.2.5 General fog
For the statistical evaluation of the attenuation data for general continental fog, and to ob-
serve its characteristics the whole range of attenuation data measured on a second scale on
the 80 m FSO link was considered. The descriptive statistics of the selected attenuation
data set are presented in Table 4.1, curve fitting were applied on the sampled attenua-
tion data by comparing different probability distribution functions. It was found out that
Kumaraswamy’s distribution best fits the measured attenuation data for the complete fog
condition. For general fog case, the PDF over histogram, CDF, Q-Q plot and P-P plot
are given in Figs. 4.5(a), 4.5(b), 4.5(c), 4.5(d). From figure 4.5(a) probability density

plot shows that Kumaraswamy’s density function approximate well to general fog. Figure
4.5(b) shows the cumulative distribution function of Kumaraswamy and Gamma distri-
bution. It is visible in figure 4.5(b) that CDF of Kumaraswamy distribution is best fit as
compared to Gamma distribution. From figure 4.5(c) the P-P plot for Kumaraswamy dis-
tribution is more closer to reference line as compared to Gamma distribution. The Q-Q
plot in figure 4.5(d) confirms that Kumaraswamy’s distribution have better fit to Complete
fog data. If we see the Q-Q plot it is obvious that for higher attenuation Q-Q plot for
Kumaraswamy’s distribution is converging whereas for Gamma distribution it is diverging
but for lower attenuation the situation is reversed. The reason could be in the histogram
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(a) pdf of the General fog fog (b) cdf of the General fog fog

(c) P-P plot of the General fog fog (d) Q-Q plot of the General fog fog

Figure 4.5: Statistical analysis of the general fog

(figure 4.5(a)). Figure 4.5(a) shows that it is very difficult to fit a single distribution. The
results of goodness of fit in fig 4.5(d) suggest that Kumaraswamy’s distribution has rea-
sonable fit of optical attenuations for continental fog case. The calculated parameters for
Kumaraswamy and Gamma distribution are given in Table 4.2.

4.3 PDF estimation of Prague Data
Recent research in probability distribution function (PDF), estimation of received signal
strength under a foggy channel [75, 116] has diverged in an attempt to provide the appro-
priate density function under different fog conditions. However, in the current study we
have focused on converging multiple density functions into one PDF model which should
be generic enough to provide the best estimate of received signal strength under continental
fog conditions.

We applied distribution fitting techniques on measured data to get the most appropriate
probabilistic model for terrestrial free-space optical communication links under continen-
tal fog conditions. We fitted all the probability density functions on the actual measured
data by visualizing their PDF and CDF, independently. The goodness of fit has been ob-
served by using graphical methods; probability-probability (PP) plot and quantile-quantile
(QQ) plot. To strengthen the graphical findings, Kolmogorov−Smirnov test (K-S test) has
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also been used to observe the goodness of fit for specified distributions. The summary
statistics of fog attenuation for Prague data set are presented in Table 4.3. It is important

Table 4.3: Summary of the data
Statistical parameters Value

Sample Size 2233
Mean 72.54

Variance 843.02
Std. Error 0.61443
Skewness -0.17

Min 8.3
Max 132.5

25% (Q1) 51.5
50% (Median) 75.2

75% (Q3) 95.1

to mention that the skewness (mentioned in line 6 of Table 4.3) of measured data is nega-
tive. Skewness characterizes the degree of asymmetry of a distribution around its mean and
the negative skewness observed implies that the left tail of the distribution would be longer.
Table 4.3 can be more precisely analyzed by using the box plot. In statistical analysis box
plot is a combination of five statistics and provides reasonable information about the shape
of distributions and outliers. It can visualize median, upper quartiles, lower quartiles, 1.5th
of interquartile range and outliers simultaneously. The box plot for Prague data is shown in
Fig. 4.6. The upper and lower edges represent the value of (±1.5th) of interquartile range.

Figure 4.6: Box plot of the optical attenuation

The solid upper and lower lines in the box indicate the 75th and 25th percentile point. The
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solid line in the box indicates the value of median, if it is not equidistant from the upper
and lower quartiles, then the data is skewed. It can be observed from box plot that the
median line in the box plot is more closer to upper side of the box, which suggests that
data is negatively skewed and strengthens the evaluation of Table 4.3. The points falling
outside the edges are outliers, in our case no outliers exist.

Having completed the exploratory data analysis we proceed to find the best fit PDF model
for measured data. Comparisons have been performed for all the continuous distribution
for the measured optical attenuation and an attempt is made to locate the best fit distri-
bution by the K-S test and the observation of the PP plot and QQ plot. The PDF, CDF,
PP plot and QQ plot for the measured data is illustrated in Fig. 4.7, 4.8, 4.9 and 4.10
respectively.

Figure 4.7: PDF over the histogram of the optical attenuation

As, it has been mentioned above that we performed the comparisons for all continuous
distributions but selected two best fit distributions on the basis of QQ plot, PP plot and
the results of K-S test. It is obvious from Fig. 4.9 and Fig. 4.10 that PP and QQ plot
are overlapping each other, therefore, we further performed statistical test to select the
best fit distribution. A very famous Kolmogorov−Smirnov (K-S) non-parametric test is
used for goodness of fit which could test goodness of fit for any specified density function.
The results of K-S test suggests that the Kumaraswamy is the best fitted PDF for optical
attenuations.

By using the results of K-S test it is observed from the Table 4.5 that Kumaraswamy’s
distribution is the most appropriate which could describe the characteristics of optical at-
tenuations. The value of test statistics in table 4.5 for Kumaraswamy’s distribution is less



4 Probabilistic Model for FSO Links Under Continental Fog Conditions 52

Figure 4.8: CDF of the optical attenuation

Table 4.4: Kolmogorov-Smirnov test

than Beta distribution which provide strong evidence that Kumaraswamy’s distribution is
suitable. Test statistics is based on the difference between the theoretical and the empirical
CDF.
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Figure 4.9: P-P plot of the optical attenuation

The optimal parameters of two best fit PDF models has been estimated and are provided
in Table 4.5.

Table 4.5: Optimum parameters

It has been concluded from the results of K-S test that Kumaraswamy is the best fit distribu-
tion for settled continental fog conditions and thus reinforces the results presented for Graz
data. The basic idea in finding the best suited distribution model is to provide the system
designer, one appropriate PDF model which is a good approximation for RSS, once the
fog has settled in, and is not strong enough to have disrupted the link altogether. The con-
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Figure 4.10: Q-Q plot of the optical attenuation

clusion from the analysis provided in this section is that the Kumaraswamy’s distribution
fulfills the stated objective.



5 LWC modeling for FSO links

Liquid water content (LWC) is a microphysical parameter which is used to characterize
fog/cloud. Higher density of LWC depicts dense fog, significantly reducing visibility and
causing performance degradation of free space optical links for a non-negligible amount
of time. Fog formation is directly influenced by microphysical processes within the ra-
diative aerosols and their surface conditions [131]. Visibility is related to droplet number
and water mass in a given volume of air [132]. The liquid water content (LWC) is the
measure of water density per volume of dry air in a cloud/fog. It is measured per volume
of air (g/m3) or mass of air (g/kg) units. Extinction of light at visible frequencies within
different fog conditions result in low visibilities and degradation of the terrestrial FSO link
performance. Quantification of LWC in a given volume of air helps characterize different
fog and cloud conditions spatially and temporally. Fog, having very low densities, contains
very small amount of water thus resulting in lower values of LWC around 0.05 (g/m3) for
a moderate fog (visibility range around 300 m). Much higher values of LWC (around
o.4 (g/m3) usually mean formation of thick or dense fog (visibility range of about 50 m)
[133].

5.1 Microphysical Properties of Fog
Microphysical properties of fog as the drop size distribution (DSD), the drop shape and the
composition of particles are strongly influenced (both temporally and spatially) by the mi-
croclimate and by several other environmental factors. To assess the performance of FSO
links in terms of availability and reliability, the sensitivity of signal attenuation to micro-
physical quantities like the LWC, DSD, average particle size and the number concentration
must be investigated well [15]. In order to estimate the optical attenuations particularly in a
fog environment, besides from the particle size distribution, LWC (mass of water droplets
present per unit volume of air) is another important microphysical property. Within the fog
particles LWC is highly influenced by fog particle’s DSD and the number concentration.

Attenuation caused by fog particles is highly dependent upon the fog particle radii. For an
optical beam propagating through fog, Mie resonance occurs at wavelengths comparable to
the fog particle radii. The fog particle radii differs in different climatic regions hence, op-
tical waves propagating through fog conditions even at the same wavelength, face slightly
varying attenuation. Assuming spherical shape, fog particles can be categorized into fol-
lowing three classes based on their radii:
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• Aitken particles and ultra-fine particles (nucleation mode): These are fine particles
with the average size ranging between 0.001 µm and 0.1 µm. These particles con-
tribute to the condensation and formation processes of fogs.

• Fine particles (accumulation mode): The range of these particles lies between 0.1
µm and 1 µm in size. Their number concentration is much higher than the one of
ultra-fine and and larger particles.

• The larger particles (coarse mode): The size of these particles goes from 1 µm to
100 µm. These particles mostly contribute to LWC.

The size distribution of fog particles is usually modeled by a modified gamma distribution
which is given in Equation (5.2) [98].

c(r) = N0r
mexp(Λrσ ) (5.1)

Here, c(r) denotes the number of particles per unit volume per unit increment of the particle
having radius r. N0, m, Λ and σ are the four adjustable parameters that characterize this
particle size distribution. Assuming m is specified, and σ = 1 (for fog case) then N0 and Λ

are given by Equation (5.2, 5.3).

Λ =
(m+3)

re
(5.2)

N0 =
(3.106.LWC.Λm+4)

(4πΓ(m+4))
(5.3)

where, re is the effective particle radius and Γ() is the gamma function. One must consider
the typical fog droplet radius into account, as several types of fog with different typical
droplet radius have been observed in different regions and climates.

If Nd is the number concentration of the fog particles per cubic centimeter of air then the
real profile of the fog particles can be obtained through product of c(r) and Nd [134].
Considering the modified gamma distribution in case of fog, the liquid water content in
g/m3 can be calculated as:

LWC = ρwNd
4
3

∞
∫

0

πr3c(r)dr (5.4)

where, r is the fog particle radius and ρw(g/m3) is the density of water. Considering the
third power radius in Equation (5.4) suggests that fog droplets smaller than 3 µm have
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a very little contribution towards LWC and therefore, could be neglected. The values of
LWC resulting from Equation (5.4) and the corresponding set of modified gamma drop
size distribution (MGDSD) parameters giving the best fit curves relative to eight size spec-
tra of small water droplets for a visibility range of 1 km are given in [134]. Figure 5.1
demonstrates the effect of modified gamma distribution parameters on the DSD for a LWC
value of 0.5 g/m3.

Figure 5.1: Number concentration of fog particles for modified gamma distribution [75]

The effective extinction efficiency ξ (r) and effective droplet radius re(µm) in terms of
DSD can be calculated by Equation (5.5, 5.6 ).

ξe =

∞
∫

0

ξ (r)r2c(r)dr/

∞
∫

0

r2c(r)dr (5.5)

re =

∞
∫

0

r3c(r)dr/

∞
∫

0

r2c(r)dr = 30000
LWC

PSA
(5.6)

It is important to mention that re is the radius of a mono-dispersed particle distribution
having the same LWC and particle surface area (hereafter PSA). PSA is the fog particle
surface area measured in cm2/m3. Assuming spherical shape of fog particles, the relation-
ship between DSD and the PSA is given by Equation (5.7) below,

PSA= 10−2.Nd4π

∞
∫

0

r2c(r)dr (5.7)
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5.2 Models relating LWC and visibility
Liquid water content (LWC) is a measure of mass of water in fog/cloud in a specified
amount of dry air. LWC can be expressed as g/m3 or mass of air g/kg and varies greatly
for different cloud and fog types . The classification of clouds and fog is highly related
to the amount of LWC and its origin. The combination of LWC and its origin allows
to readily predict the types of conditions that will be, most likely, in the vicinity of the
FSO links [75]. Fog having very low densities contains very small amount of water and
so eventually results in lower values of LWC i.e., about 0.05 g/m3 for a moderate fog
(visibility range around 300 m). Much higher values of LWC (around 0.5 g/m3) result in
the formation of thick or dense fog (visibility range of about 50 m)[15]. Similarly, clouds
may have LWC value of 0.06405 g/m3, while, 1-3 g/m3 for Cirrus and Cumulonimbus
clouds, measured respectively in the same amount of space [98]. Fog or cloud droplets
of the maritime origin tend to have relatively larger size and thus make up fewer water
droplets in comparison to the continental fog droplets [98, 135]. The concentration of
maritime origin droplets lies between 100 drops/cm3 to 200 drops/cm3, whereas, the
concentration of continental origin droplets is about 900 drops/cm3 [136].

Fog characterized by several physical parameters like particle size distribution, tempera-
ture, humidity and LWC has been extensively modeled by drop size distribution and vis-
ibility range [15]. The variation of visibility and LWC from measured data at Prague is
shown in Fig. 5.2.

Figure 5.2: Time series analysis of LWC and visibility

This section focuses on the verification of existing LWC based fog modeling. There are
two commonly used empirical models that relate visibility to LWC [137]. One such model
is given in Equation (5.8).
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V = b(LWC)−
2
3 (5.8)

where, V is visibility in km and "b" is a constant. The parameter "b" attains a different
value for each different type of fog as tabulated in Table 5.1. The simulation results of

Table 5.1: Fog types and different values of coefficient "b"
Fog type Value of b Ref.

Dense haze 0.013 [134]
Continental fog 0.034 [134]

Maritime fog (wet and warm) 0.060 [134]
Dense haze and selective fog 0.017 [138]

Stable and evolving fog 0.024 [138]
Advection fog 0.02381 –

equation 5.8 for different values of "b" over the measured data are shown in Fig. 5.3.

Figure 5.3: Predicted Visibility and LWC alongwith real data for different values of "b"

Fig. 5.3 clearly indicates that for lower values of LWC the spread of measured attenu-
ation values is across different curves depicting haze, maritime fog and continental fog.
However, for LWC values between 0.1g/m3 to 0.35g/m3 the attenuation values are con-
centrated more closer to the curve of "b" depicting continental fog. Whereas, the reason
for spread of data point across different curves for lower value of LWC (below 0.1g/m3)
is probably due to the fact that our selected data set contains optical attenuation values re-
lating to fog formation, settling and the dissipation phases. Considering different visibility
regimes the selected values may be related to haze, mist and continental fog conditions as
well hence, some values may be considered as outliers when we speak about continental
fog conditions only. However, the evaluations of "b" turn out to be consistent with the
values proposed in the literature and thus give evidence for its close dependence on the
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shape-parameters of the droplet size distribution, especially with regard to mode radius
and the width of the larger-droplet number [134]. Platt [139] suggests that lower values
of "b" should be related to "dry" or industrial-type haze and fogs having many more small
droplets which grow in probable cold air masses, whereas, gradually higher values of "b"
correspond to "wet" natural fogs characterized by increasing and predominant contents of
larger but fewer droplets. Eldridge [140] provides an evidence of the influence of width and
of the radius range of the droplet size distribution over the coefficient "b". Hence, analysis
of measured five months attenuation data provides the possibility of estimating the most
proper value of "b". As the next logical step, we tried to estimate the optimum value of "b"
depicting continental fog from our measured data. Fig. 5.4 provides the evaluation of the
data sets with an aim to minimize the RMSE.

Figure 5.4: Optimum value of "b" for measured optical attenuations

It is obvious from equation 5.8 that one can expect one value of LWC for one value of vis-
ibility. For this reason values can be predicted by the bijection. But measured data shows
that one can expect different values of visibilities for a single value of LWC (Fig.5.3).
Therefore, we use all these possible values in RMSE formula.

Based on our representative data set analysis, the estimated optimum value of "b" for
continental fog conditions is "0.036". The simulation of equation 5.8 with newly estimated
value of "b" alongwith the measured attenuation data is shown in Fig. 5.5.

As evident from Fig. 5.5 that the newly estimated value of "b" seems a better approx-
imation, we computed mean percentage error to compare the new value of "b" with the
already existing value(b = 0.034). We found that mean percentage error for b = 0.034 is
67.95, whereas, the mean percentage error for b= 0.036 is 66.85. More recently Gultepe
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Figure 5.5: Estimated visibility and LWC alongwith real data against new value of b

et al [137] proposed a relationship between visibility range V, and the product of droplet
number concentration Nd and LWC as given by equation 5.9.

V = 1.002(LWC.Nd)
−0.6473 (5.9)

Here, Nd shows the actual total concentration of fog droplets per cubic centimeter of air.
In real atmospheric conditions, however, visibility (extinction of visible light) is related
to droplet number and water mass in a given volume of air. Increasing droplet number
concentration Nd in warm-fog conditions (T > 0◦C) for a fixed LWC results in decreasing
visibility. The maximum value for Nd and LWC used in the simulation of equation 5.9 are
about 400 cm−3 and 0.5 g/m3, respectively, whereas, the minimum values are 1.0 cm−3

and 0.005 g/m3, respectively. This model recognizes the presence of variability in droplet
sizes and their contribution towards reduction of visibility range in fog. The simulation
results of equation 5.9 are shown in Fig. 5.6 alongwith its comparison with the measured
data.

It is obvious from Fig. 5.6 that measured data is close to the value of 400 cm−3. It was
attempted to find the optimum value of Nd by calculating RMSE for the measured data and
the result is shown in Fig. 5.7. Fig. 5.7 provides valuable insight towards the real values
of Nd in continental fog conditions. Fog formation and consequent visibility reduction is
observed for values of Nd greater than 100 cm−3.
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Figure 5.6: Predicted visibility and LWC for different values of Nd

Figure 5.7: Optimum value of Nd for measured data

Estimating fog attenuations through LWC is a useful technique and the existing literature
[75, 15] and empirical relation have been found to match closely with real measured data.
Generalizing the existing models further does not appear to be an easy task as the value
of the coefficient "b" in equation 5.8 and Nd in equation 5.9 would always remain strictly
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dependent on the climatic regions of installation and the dynamics (in terms of formation,
settling and dissipation phases) of the particular fog event under investigation.

5.3 LWC and optical attenuations
The accurate prediction of optical attenuations in limited atmospheric visibility due to
presence of haze, fog and/or clouds remains a challenging task. Very few measurement
campaigns have recorded LWC alongside optical attenuation data which reveals interesting
insight of the relation between the two. Higher amount of LWC increases the optical
attenuation on the link as would appeal to have common scientific understanding of the
phenomenon. The graphical illustration of the measured LWC and optical attenuations are
provided in Fig. 5.8.

Figure 5.8: Measured data of optical attenuation along with LWC

The Fig. 5.8 plots the LWC (g/m3) and specific attenuations (dB/km) against the minutes
of the day. It is obvious from Fig. 5.8 that higher amount of LWC causes higher optical
attenuation. The minimum recorded amount of LWC was 0.001 g/m3 which caused low
optical attenuation, while, the highest recorded amount of LWC was 0.4 g/m3 which sig-
nificantly attenuated the transmitted signal (132 dB/km), as seen in Fig. 5.8. It is evident
from this plot that optical attenuations decrease with decreasing LWC.

Simultaneous measurements of the liquid water content (LWC), integrated particle surface
area (PSA), visibility and optical attenuation have been analyzed to predict optical attenu-
ation caused by fog particles. Attenuation has been measured at two different wavelengths
(830 nm and 1550 nm) across co-located links. Five months measured data have been pro-
cessed to assess an empirical model, which is able to estimate optical attenuation from the
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LWC. The proposed model is compared with other published models and it is proven to
perform sufficiently well to predict optical attenuation if the LWC values are available.

The purpose of the current work is to use the real measured data of the optical attenu-
ation, LWC, integrated particle surface area (PSA) and visibility, which were measured
simultaneously in Prague to predict optical attenuation from the LWC. Five months real
time measured data of optical attenuations along with the LWC at Prague provided us a
chance to improve and validate an empirical relationship between the LWC and optical
attenuation.

5.4 Analysis of Measurements
LWC is the mass of water in a fog/cloud in a specified volume of dry air and it is usually
given in g/m3. Small amounts of LWC (< 0.05g/m3) usually result in light fog while, high
amount of LWC (> 0.5g/m3) result in the formation of thick or dense fog (approximate
visibility range of 50 m) [75].

In the measurement campaign, we sampled data at a rate of one sample per minute. The
other instruments were calibrated in a way to measure the specific quantity at the last
second of every minute in parallel with the optical attenuation. We selected the data set
for analysis where the visibility was less then 1 km. Fig. 5.8 shows the reduced data set of
optical attenuation and the corresponding variation of LWC. The LWC is plotted in blue,
whereas, optical attenuation is in red for 1550 nm and in green for 830 nm, respectively.
It is also important to remark that the time axis in the Fig. 5.8 is not continuous. From
Fig. 5.8, a direct relationship between optical attenuation and the LWC can be observed.
We selected a subset of the entire data set of Fig. 5.8, to find out the empirical relationship
between the LWC and specific optical attenuation. We selected the attenuation data at
wavelength 1550 nm. The reason for selecting attenuation data for analysis against this
wavelength is its increasing importance for future FSO systems [141]. The remaining data
has been used to verify the relationship (see Section 5). The descriptive statistics of the
selected data set is provided in Table 5.2.

It is very important to mention that the selected data set which has been used to formulate
a model contains a wide range of the LWC varying from 0.001 g/m3 to 0.4 g/m3 (Table
5.2). Most fogs have the LWC ranging from 0.001 g/m3 to 0.4 g/m3 [142]. We carried out
the regression analysis of selected data to find a relationship between optical attenuation
and the LWC. The results are shown in Fig. 5.9.

From Fig. 5.9, following relationship between the said parameters have been attained
(shown in Equation (5.10)) with R2 value of 67.84%,

A1.55µm = 243.57(LWC)0.4189 (5.10)
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Table 5.2: Descriptive statistics of the LWC and Optical attenuations

Statistical parameter LWC(g/m3) Attenuation (dB/km)
Range 0.399 120.5
Mean 0.103 90.921

Variance 0.0039 836.88
Std. Deviation 0.0622 28.929

Minimum 0.001 12
25% (Q1) 0.0585 73.27

50% (Median) 0.099 100.2
75% (Q3) 0.1313 110.52
Maximum 0.4 132.5

Figure 5.9: Relationship between optical attenuation and the LWC

where, A represents optical attenuation in dB/km and the LWC represents the correspond-
ing liquid water content measured in g/m3. Hereafter, Equation (5.10) would be referred
to as Model A.

5.5 Model Verification
We verified the proposed model by selecting a different set of fog data measured during
the campaign. In Fig. 5.10, the model has been plotted and the measured data points have
been superimposed. The close match of the proposed model with real measurement from a
different fog event validates the model and thus, the simple relationship in Equation (5.10)
can be directly used for estimating optical attenuation from the LWC.
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Figure 5.10: Verification of the proposed model

Table 5.3: Verification of random sample point from measured data

Measured Values Predicted attenuation RMSE Percentage error
LWC A - - -
0.111 93.18 96.98 3.80 4.08
0.131 106.25 103.95 2.30 2.16
0.134 100.29 104.94 4.65 4.64
0.115 97.5 98.43 0.93 0.95
0.112 97.95 97.35 0.60 0.61
0.093 86.44 90.06 4.13 4.18
0.032 59.257 57.60 1.65 2.80
0.03 54.81 56.06 1.25 2.28
0.027 57.84 54.64 3.20 5.53
0.08 84.49 84.55 0.06 0.07

For a more rigorous analysis 10 random samples from the measured data have been se-
lected and the accuracy of prediction has been tabulated in Table 5.3.

Here, in Table 5.3, the LWC is in g/m3 and attenuation (A) is in dB/km. Table 5.3 shows
that the maximum percentage error incurred by the model remains within 5% of the real
measured values. In last column of the Table 5.3, it can be observed that the maximum
value of RMSE is 4.65 and minimum value is 0.06, which shows that the proposed model
is a good approximation of specific attenuation through the LWC. A significant spread
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of measured attenuation values for a single value of the LWC can be expected in mea-
surements (as evident from Fig. 5.10), because the LWC is a point-measurement while,
attenuation is average along the path. Average values of the LWC could be used to reduce
the effect.

Two fog events recorded on 20-21 January 2009 and 07 February 2009 have been selected
for further detailed verification of proposed model at wavelength of 1550 nm and 830
nm.

To the best of authors’ knowledge there are three other models available in the open litera-
ture to calculate optical attenuation from the LWC. These models are provided in Equations
(5.11, 5.12, 5.13).

A0.785µm = 238(LWC)0.86 (5.11)

Hereafter, Equation (5.11) would be referred to as Model B for further analysis. Model
B [83] can perform well under light fog conditions (attenuation level below 40 dB/km)
but may not be suitable for moderate, thick or dense fog conditions because the higher
attenuation levels (attenuation higher than 40 dB/km) have been extrapolated [83]. Two
other models are given in following Equations (Equation 5.12, 5.13) [143].

A0.63µm = 360(LWC)0.64 (5.12)

A0.785µm = 610(LWC) (5.13)

Equation (5.11, 5.13) would be referred to as Model C and Model D respectively, for fur-
ther discussion. The simulation results along with the measured data of fog event recorded
on 20-21 January 2009 at operational wavelength of 1550 nm are provided in Fig. 5.11.

The simulation results along with the measured data of fog event recorded on 07 February
2009 at 1550 nm wavelength are provided in Fig. 5.12.

It is obvious from Fig. 5.11 and Fig. 5.12 that there is a close match of measured data with
Model A for all ranges of optical attenuations whereas, measured data is highly deviated
from Model B and Model D. Model C can be used for higher levels of optical attenuations
but it is not suitable for lower levels of optical attenuations. We used mean percentage
error criterion to find the best fit model among the above four. The percentage error is
given in Equation (5.14)

∆(%) = 100.|Md−Pd
Md

| (5.14)
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Figure 5.11: Comparison of the models with measured data using 1550 nm wavelength

Figure 5.12: Comparison of the models with measured data using 1550 nm wavelength
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Figure 5.13: Comparison of the models with measured data, wavelength 830 nm

Where, Md is measured data and Pd is predicted data. And we calculated the mean value
of the above given percentage error. The mean percentage error of the fog attenuation is
provided in Table 5.4.

Table 5.4: Mean percentage error for considered fog events

Mean percentage error of attenuation
Fog Event Model A Model B Model C Model D

20-21 January 26.4 67.4 36.0 49.1
7 February 36.2 58.2 41.7 45.1

It is obvious from Table 5.4 that our proposed model is performing best as compared to
other models.

The measured data of optical attenuation at 830 nm, provided us a chance to verify the ex-
isting models (including our proposed model) in order to evaluate them at different wave-
lengths. The simulation results along with the measured data of fog event recorded on
20-21 January 2009 at operational wavelength of 830 nm are provided in Fig.5.13.

The simulation results along with the measured data of selected fog event recorded on 07
February 2009 are provided in Fig. 5.14.

The mean percentage error of the fog attenuation is provided in Table 5.5.
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Figure 5.14: Comparison of the models with measured data, wavelength 830 nm

Table 5.5: Mean percentage error for considered fog events

Mean percentage error of attenuation
Fog Event Model A Model B Model C Model D

20-21 January 43.5 77.3 49.9 60.1
7 February 24.1 64.8 31.7 44.7

It is also obvious from Table 5.5 that our proposed model with the least value of mean
percentage error is performing better as compared to the other models at wavelength of
830 nm. The results in Fig. 5.11, 5.12, 5.13, 5.14 suggest that optical attenuation due to
fog does not exhibit significant dependence on wavelengths ranging between 800 and 1600
nm (taking into account uncertainties due to spread of measured data).



6 Conclusions and future work

FSO has great potential to meet the needs of high data rate communication applications.
Thorough investigations of weather effects, specially fog, on FSO links is of prime impor-
tance to achieve carrier class availability and reliability. This thesis presents the analysis
of fog effects using the measured data and provides statistical model under continental
fog conditions. This thesis also provided the linearity or homogeneity analysis of optical
attenuation using the measured data of across collocated links. The linearity analysis will
give a significant insight about the measured campaigns, in future, at longer distance. This
thesis also presents the effects of LWC on FSO links and LWC based model to predict
optical attenuation.

6.1 Concluding remarks
This thesis presents the detailed analysis of measured optical attenuations caused by re-
duced visibility due to fog, at three different locations i,e. Graz (Austria); Prague (Czech
Republic) and Milan (Italy). The most significant part of the fog attenuation analysis is
the linearity or homogeneity analysis of optical attenuation. In Prague (Czech Republic)
two collocated links were installed, with different path lengths, during the measurement
campaign. The measured data of collocated links, installed at Prague, were used to investi-
gate the linearity of optical attenuation. The linearity of the measured optical attenuations
has been investigated by comparing the data of 100 m and 853 m path link. Although the
correlation between the optical attenuation measured at 100 m path length and 853 m path
length is not strong enough, and that the optical attenuation in 100 m and 853 m is partially
linearly correlated which is consistent with the general assumption of the homogeneity of
the fog events in a short distance link. The possible reason for such less correlation in
the current result is the measurement error in which the fade margin of 853 m path link is
about 15 dB. Thus, some optical attenuations of 853 m path link are saturated and can not
be precisely compared with that of 100 m path link. The scattering effects due to conti-
nental fog have been simulated. The simulation results were compared with the measured
data of Prague. The results suggest that there is very less probability of occurrence of
multiple scattering for Prague case. This is due to the fact that in Prague there occurred
only thick fog. The simulation results show that multiple scattering is not significant for
fog particles with diameter 1 µm but multiple scattering becomes critical for the particles
having diameter of 50 µm. However, particle concentration is an important factor which
affects the multiple scattering, which suggest that multiple scattering occurs at very dense
fog conditions.
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The measured data of Graz and Prague have been used to analyze statistically and proposed
a probabilistic model for FSO links. The high variability of attenuation can cause link
outages that could last up to several hours. The empirical models like the famous Kim
Kruse and Al-Naboulsi models provide reasonable estimates for optical attenuation under
fog. However, they shed no light towards the distribution of the received signal strength.
The statistical models presented in this thesis shall yield better understanding of the spatial
and temporal variations of the fog attenuation. The Wakeby distribution has been found
as appropriate for dense fog, logistic distribution for thick fog, Johnson SB for moderate
and light fog and Kumaraswamy’s distribution for general continental fog. These results
suggest that these distributions can provide suitable estimates for received signal strength
under dense, thick, moderate, light and general continental fog conditions. The measured
data at Prague has been used further to investigate and provide the statistics of optical
attenuation in another continental environment. The PDF estimation of received signal
strength puts forth that Kumaraswamy’s distribution as the most appropriate to describe the
characteristics of settled continental fog conditions for measured data of optical attenuation
at Prague. The Kumaraswamy’s distribution has been found best fit probabilistic model
for continental fog conditions as it describes well the statistical characteristics of optical
attenuations measured at Graz and Prague.

Different atmospheric quantities like LWC, visibility, PSA and optical attenuation have
been measured at two different wavelengths and path lengths. The simultaneous measured
data of LWC and optical attenuation provides us a chance for thorough investigations of the
effects of LWC on optical attenuation. The detailed analysis of effects of LWC on optical
attenuations has been presented in this thesis along with a new proposed model. Five
months measurement of optical attenuation and the liquid water content (LWC) have been
used to draw a new model for direct estimation of optical attenuation from the LWC. A
comparison with other existing models shows that the new proposed model performs better
and that it provides sufficiently accurate estimates of optical attenuation. The analysis in
this thesis has also shown that taking into account the significant spread of measured data, it
is generally difficult to establish any clear wavelength dependence of the relation between
attenuation and the LWC in the range of 800 - 1600 nm. In this respect however, the model
D valid for 10.6 µm has to be treated separately and it was included only for comparison
at standard FSO operational wavelengths. It is for this reason, that optical attenuation at
wavelengths around 11 µm is known to be linear with LWC, according to the principles of
scattering theory. Though there may be some variations for the optical attenuation in the
classical optical windows, the model proposed can be used conveniently in the range of
wavelengths from 800-1600 nm for estimation of optical attenuation based on LWC with
reasonable accuracy.

6.2 Future works
Some studies need to be conducted in future to strengthen our current findings of linearity
or homogeneity of fog along the path length. This study can be done by using some
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fog sensors in between the transceivers. It is proposed that fade margin of FSO system
installed at longer path length should be the multiple of the fade margin and path length of
FSO system installed at smaller path length to investigate the affect precisely.

The simulation of scattering under continental fog conditions has been presented. In the
future there should also be some detailed investigations on the phenomenon of multiple
scattering. The simulation provided in this thesis will provide fundamental concepts and
basic knowledge of multiple scattering phenomenon for future investigations. The effects
of multiple scattering on data rates and system specification requirements would be a great
field to investigate.

Due to high variability of attenuations and atmospheric conditions of Graz and Prague
(Specially Graz) a distribution model has been proposed which can be used by any con-
tinental environment. Channel estimation and equalization should be of great interest to
investigate it in the future, based on Kumaraswamy’s distribution.

The effects of LWC on FSO links has been investigated in this thesis. In future the ef-
fects of LWC on FSO links during the different stages of fog like fog formation and fog
dissipation stages should be investigated.

Much achievements have been gained during the course of this work. Many new ques-
tions are foreseen to arise as these newly proposed ideas reach for industrial development
and system development with the proposed probabilistic model and LWC based optical
attenuation model.



References

[1] S. Arnon and D. Kedar. Urban optical wireless communication networks: The main
challenges and possible solutions. IEEE Commun. Mag, 42:S2–S7, 2004.

[2] S. S. Muhammed, B. Flecker, E. Leitgeb, and M. Gebhart. Characterization of fog
attenuation in terrestrial free space optical links. Journal of Optical Engineering,
46(6):066001, June 2007.

[3] M. Jeganathan and P. Ionov. Multi-gigabits per second optical wireless communi-
cations. www.freespceotic.com, 2000.

[4] E. Leitgeb and et al. Current optical technologies for wireless access. In ConTel,
2009.

[5] K. W. Fischer, M. R. Witiw, J. A. Baars, and T. R. Oke. Atmospheric laser com-
munication: New challenges for applied meteorology. Bulletin of the American
Meteorological Society, 85(5):725Ű732, May 2004.
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[143] O. Bouchet and et al. Free-Space Optics: Propagation and Communication. Wiley-
ISTE, 2006.

[144] E. A. Bucher and R. M. Lerner. Experiments on light pulse communication and
propagation through atmospheric clouds. Applied Optics, 12(10):2401–2414, 1973.



Appendix A: Own Publications

The work provided in this thesis has been published in the following journals and refereed
conference proceedings.

As First Author

1. M. S. Khan, M. S. Awan, E. Leitgeb, F. Nadeem, I. Hussain, "Selecting a Distribu-
tion Function for Optical Attenuation in Dense Continental Fog Conditions", ICET 2009,
October 19-20, 2009, Islamabad, Pakistan.

2. M. S. Khan, M. S. Awan, et al., "Probabilistic Model for Free-Space Optical Links
Under Continental Fog Conditions", Journal Radioengineering, vol. 19, NO. 3, September
2010.

3. M. S. Khan, M. S. Awan, et al., "Linearity in Optical Attenuations for Free-Space
Optical Links in Continental Fog", EuCAP 2011, 1-15 April 2011, Rome, Italy.

4. M. S. Khan, S. S. Muhammad, et al., "Validating Relationship between Aerosol’s Liquid
Water Content and Optical Attenuation for Terrestrial FSO Links", ConTEL 2011, 15-17
June , 2011, Graz, Austria.

5. M. S. Khan, S. S. Muhammad, et al., " Further Results on Fog Modeling for Ter-
restrial FSO Links", Accepted for publication in Journal of Optical Engineering, vol. 51,
No. 03, March 2012.

6. M. S. Khan, E. Leitgeb, et al., "Effects of PSA on Free-space Optical Links", Ac-
cepted for EuCAP 2012, 26-30 March 2012, Prague, Czech Republic.

7. M. S. Khan, S. S. Muhammad, et al., " Modeling of Liquid Water Content for Opti-
cal Attenuation Prediction" Submitted to Journal Radioengineering.

As Co-Author

1. F. Nadeem , M. S. Khan, E. Leitgeb, "Optical Wireless Link Availability Estimation
through Monte Carlo Simulation", ConTEL 2011, 15-17 June, 2011Graz, Austria.



Appendix A: Own Publications 86

2. M. S. Awan, Marzuki, E. Leitgeb, B. Hillbrand, F. Nadeem, M. S. Khan, "Cloud At-
tenuations for Free-Space Optical Links", International Workshop on Satellite and Space
Communications (IWSSC) 2009, Siena-Tuscany, Italy.

3. M. S. Awan, L.C. Horwath, S. S. Muhammad, E. Leitgeb, F. Nadeem, M. S. Khan,
"Characterization of Fog and Snow Attenuations for Free-Space Optical Propagation", J.
Communications, vol. 4, no. 8, September 2009.

4. M. S. Awan, R. Nebuloni, C. Capsoni, L. Csurgai-Horváth, S. S. Muhammad, E. Leit-
geb, F. Nadeem, M. S. Khan, "Prediction of Drop Size Distribution Parameters for Op-
tical Wireless Communications through Moderate Continental Fog", International Journal
of Satellite Communications and Networking (IJSCN) Volume 29, Issue 1, 2009.

5. F. Nadeem, M. S. Awan, E. Leitgeb, M. S. Khan, S. S. Muhammad, G. Kandus, "Com-
paring the Cloud Attenuation for Different Optical Wavelengths", IEEE International Con-
ference on Emerging Technologies, 2009, Islamabad, Pakistan.

6. E. Leitgeb, M. S. Awan, T. Plank, N. Perlot, C. Capsoni, R. Nebuloni, T. Javornik,
G. Kandus, F. Nadeem, P. Brandl, S. S. Muhammad, M. Loeschnigg, M. S. Khan, E.
Duca, S. Betti, "Investigations on Free-Space Optical Links within SatNEx II", European
Conference on Antennas and Propagation, 2009, Berlin, Germany.

7. M. S. Awan, Marzuki, E. Leitgeb, F. Nadeem, M. S. Khan, C. Capsoni, "Weather
Effects Impact on the Optical Pulse Propagation in Free Space", IEEE Vehicular Technol-
ogy Conference, 2009, Barcelona, Spain.

8. M. S. Awan, E. Leitgeb, C. Capsoni, R. Nebuloni, Marzuki, F. Nadeem, M. S. Khan,
"Attenuation Analysis For Optical Wireless Link Measurements Under Moderate Conti-
nental Fog Conditions at Milan and Graz", IEEE Vehicular Technology Conference (VTC)
2008 - Fall, Calgary, Canada.

9. F. Nadeem, E. Leitgeb, M. S. Awan, M. S. Khan, G. Kandus, "Bandwidth efficient
solution for hybrid wireless network", International Workshop on Satellite and Space Com-
munications (IWSSC), 2008, Toulouse, France.

10. F. Nadeem, B. Flecker , E. Leitgeb , M. S. Khan , M. S. Awan , T. Javornik, "Com-
paring the fog effects on hybrid network using optical wireless and GHz links", CSNDSP
2008 , Graz Austria.

11. M. S. Awan, E. Leitgeb, S. S. Muhammad, Marzuki, F. Nadeem, M. S. Khan, C.
Capsoni, "Distribution Function for Continental and Maritime Fog Environments for Op-



Appendix A: Own Publications 87

tical Wireless Communication", CSNDSP 2008 , Graz Austria.

12. M. S. Awan, C. Capsoni, O. Koudelka, E. Leitgeb, F. Nadeem, M. S. Khan, "Diurnal
variations based fog attenuations analysis of an optical wireless link", IEEE Photonics
Global, 2008, Singapore.

13. M. S. Awan, E. Leitgeb, Marzuki, F. Nadeem, M. S. Khan, "Evaluation of Fog At-
tenuation Results for Optical Wireless Links in Free Space", International Workshop on
Satellite and Space Communications (IWSSC), 2008, Toulouse, France.

14. M. S. Awan, C. Capsoni, R. Nebuloni, E. Leitgeb, Marzuki, F. Nadeem, M. S. Khan,
"FSO-Relevant New Measurement Results Under Moderate Continental Fog Conditions at
Graz and Milan and Modified Gamma Drop Size Distribution", Advanced Satellite Mobile
Systems Conference (ASMS) 2008, Bologna, Italy.

15. F. Nadeem, E. Leitgeb, M. S. Awan, M. S. Khan, G. Kandus, "Simulations and
Analysis of Bandwidth Efficient Switch-over between FSO and mmW Links", International
Conference on Software, Telecommunications and Computer Networks (SoftCom), 2008,
Split, Croatia.

16. F. Nadeem , E. Leitgeb, M. S. Khan, M. S. Awan, "Availability simulation of Switch
over for FSO and mmW", IEEE International Conference on Information and Emerging
Technologies (ICIET), 2007, Karachi, Pakistan.



Appendix B: Proposed setup to measure Dispersion for FSO links

Performance of terrestrial FSO links mainly depends on local weather conditions. At
times, moderate clouds and fog may emerge between the transceiver of FSO links. The fog
may impose a temporal broadening of the pulse, causing an intersymbol interference (ISI).
In adverse weather conditions ISI may significantly reduce the system throughput. ISI may
reduce the signal-to-noise ratio (SNR) and degrade the system’s bit error rate (BER). We
found that the presence of ISI was due to the reason of multiple scattering of laser beam
with fog [9, 144].

Some experiments have bee performed to investigate the light pulse propagating through
the atmospheric clouds [144]. The schematic diagram of the used setup is shown in Fig .1
(for transmitter) and in Fig .2 (for receiver) section respectively.

Figure .1: Schematic diagram of Transmitter
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Figure .2: Schematic diagram of Receiver

In this experiment (demonstrated in [144]) a light pulse was transmitted using a Q-switched
ruby laser producing 0.5-J pulses at 694 nm wavelength for less than 30 nsec. The period
of laser pulse was limited to approximately 1 pulse in 5 sec. In this experiment only
one wavelength was used and there was lack to understand and analyze the frequency
dependent attenuations.

.1 Background
Optical wireless communication system uses atmosphere as propagation medium. Earth’s
atmosphere occasionally contains fog, which is the main limiting factor for optical wireless
communication. In the recent years, the main focus of the research community has been to
counteract the problem of fog. Different modulation and coding schemes were proposed
to improve the performance of optical wireless communication.

Fog causes very high attenuation over significant amounts of time. In the case of fog light
energy is scattered, so the light rays loose direction of propagation. Dispersion means,
the total amount of power (or energy) at the point of transmission is split up into several
parts, which arrive at the receiver at slightly different times. The underlying process will
be multi path propagation or dispersion. For the air conditions, the two interesting effects

B.1  Background
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will be scintillation and fog, causing multiple scattering. There are different causes for the
effect, e.g different group velocities for different optical wave lengths in a glass fiber, or
different distances due to multiple particles scattering for light propagation in free air with
fog particles. If the power at the transmitter is modulated by a continuous frequency, at
the receiver the different parts of the power containing the modulation signal with different
phase shifts are summed up at one time. This causes a frequency dependent attenuation.
Typically, the transmission power will not be split up into a few discrete parts, but it will
rather have a continuous distribution function (e.g. over wavelength). For a simple exam-
ple, let us assume only two parts for the power: The first part needs 0.334 µs to propagate
100 meters from Transmitter to Receiver, the second part needs 0.335 µs from Transmitter
to Receiver. The difference is one Nanosecond. Let us assume a comparatively low fre-
quency square wave modulation signal of 10 kHz. This means a time period of 100 µs, for
a duty cycle of 50% to 50% this means 50 µs of light state, and 50 µs of dark state. For the
simplified example of dispersion with 1 ns difference in two equal parts of the transmission
power, the effect will be negligible.

Let us assume a comparatively high frequency square wave modulation signal of 500MHz.
This means a time period of 2 ns, for a duty cycle of 50% to 50% at the transmitter, with
1 ns light state and 1 ns dark state. At the receiver, this means, that the modulation signal
cancels out, because half of the energy arrives at time t and contains light state with half of
the power, and half of the energy arrives at time t + 1 ns and contains light state with half
of the power. So there is no difference between light state and dark state. For the receiver
(which uses a high pass), this means a complete attenuation of the modulation signal. So,
the important point is, that dispersion will introduce wavelength dependent attenuation, if
it exists at all. And it will be interesting for modulation frequencies in the range of 500
MHz, as data rates in the order of 1 Gbit/s are interesting for FSO. So this method would
investigate the existence or non-existence of the effect at the same frequencies as used for
the intended application. To be able to measure this accurately, it would help to change the
modulation frequency continuously, starting from a low frequency, where dispersion will
not have an effect. But it is expected that dispersion itself (if existent at all) may change
characteristics over time.

.2 Proposed Setup
The affects of dispersion is related to the system used, the local weather and air conditions.
For the system especially the receiver acceptance angle, also known as Field of View
(FOV) will be interesting.

For terrestrial FSO links, under good weather conditions and possibly in presence of scin-
tillation there should be no dispersion effect up to 10 GHz and over several km distances.
The only possible mechanism in this context would be, change in the fractional index
n which according to Fermatt’s principle could cause different propagation ways for the
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light, but for fog case it is very unlikely that the ray would find its way back to the receiver,
when it was deviated somewhere in the link distance.

For the case of fog, the light energy is scattered, so the light rays loose directivity. If
the transmitted power and the received power is considered, this means that rays directly
pointing from TX to RX will be attenuated most because free-space optic receivers usually
have a very narrow acceptance angle and so can nearly only detect the direct light rays.

If multiple scattering is considered, which happens in reality, it is possible that light will
be scattered a second time, and comes back to the receiver, although from a different
angle. This part of the light energy then also has had a longer distance to propagate. So,
basically, this scenario using wide TX and RX angles could allow less fog attenuation on
the expense of higher dispersion. And possibly this effect could also cause ISI in typical
FSO systems.

A signal of a high pulse frequency (switch between light and dark states) like 200MHz or 1
GHz should be produced. Then a counter should be used to produce a low pulse frequency
out of the first signal, like 10 kHz. Then combine both signals with an AND gate. Use this
signal to modulate a FSO transmit unit. FSO receiver (possibly with a wide acceptance
angle) should be used which should be able to detect the first signal, after it has crossed
the link through free air (fog, scintillation...). The receiver then should have two band-pass
filters to select the high frequency and the low frequency. Both shall be amplified and the
(averaged) signal amplitude shall be measured. Now the idea is, that for the case of fog,
the light will be attenuated. But if the affect is present, the high frequency amplitude would
be much more attenuated than the low frequency amplitude (due to phase-shifted parts of
the pulse engergy, which are summed up).


