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Abstract

The growing need for Earth observation and monitoring systems has stimulated consider-
able interest in free-space optical wireless (FSO) systems because of the huge bandwidth
requirements. However, terrestrial FSO links are severely impacted by weather conditions
especially dense fog to a larger extent while, rain and snow to a lesser extent. For the
proper deployment of FSO technology requires a better understanding of the free-space
channel transmission characteristics as they have major influence on the transmission link
properties like link availability, reliability and quality of service. This thesis provides new
insight on the fog microphysics, its characterization and the fog attenuation modeling.
A comprehensive analysis of the measured fog attenuations is presented by building the
discussion through comparison of recorded attenuations at Graz (Austria), Milan (Italy),
Nice (France) and Prague (Czech Republic). It was observed that fog attenuations in radi-
ation fog environments are much stable when compared with advection fog attenuations,
because of the difference in the microclimate and the microphysics involved. The work
further proposes novel approaches to compute the exponential distribution, and modified
gamma distribution parameters from the measured fog attenuations recorded at Graz and
Prague. The newly computed distribution parameters are compared, analyzed and val-
idated against the representative fog events on the basis of statistical analysis, and new
fog drop size distribution computation methods are proposed which best approximate the
attenuation behavior at a particular location.

Zusammenfassung

Der steigende Bedarf an Erdbeobachtungs- und -monitoringsystemen und der damit ver-
bundene Bandbreitenbedarf fuehrte zu grossem Interesse an optischen Freiraumuebertra-
gungssystemen (FSO). Leider sind terrestrische FSO Verbindungen durch dichten Nebel
stark, durch Regen und Schnee hingegen schwach in ihrer Zuverlaessigkeit eingeschraenkt.
Fuer einen erfolgreichen Einsatz von FSO Technologien ist das Verstaendnis der zugrun-
deliegenden Ausbreitungseigenschaften von grosser Bedeutung, da diese grossen Einfluss
auf die Verfuegbarkeit, Zuverlaessigkeit und Dienstguete haben. Diese Arbeit bietet neue
Einblicke in die Mikrophysik des Nebels, dessen Charakterisierung und die Modellierung
der Nebeldaempfung. Eine umfangreiche Analyse von gemessenen Nebeldaempfungen ist
durch den Vergleich von Aufzeichnungen aus Graz (Oesterreich), Mailand (Italien), Nizza
(Frankreich) und Prag (Tschechische Republik) gegeben. Es wurde beobachtet, dass die
Nebeldaempfung in kontinentalen Klimaten stabiler ist als in maritimen Umgebungen, was
auf die Unterschiede im Mikroklima und der Mikrophysik zurueckzufuehren ist. Anhand
der Messergebnisse aus Graz und Prag entwickelt die Arbeit neue Methoden zur Berech-
nung der Parameter der Exponential- bzw. der modifizierten Gamma-Verteilung, die zur
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Beschreibung der Nebeldaempfung herangezogen werden. Die erhaltenen Verteilungs-
parameter wurden verglichen und analysiert, sowie mittels representativer Nebelereignis-
se auf der Basis statistischer Methoden validiert. Ebenfalls wurden neue Methoden zur
Berechnung der Tropfengroesseverteilung entwickelt, um die Daempfung an bestimmten
Orten besser zu approximieren.
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1 INTRODUCTION

Tremendous advances made in the design of electro-optical components and systems cou-
pled with huge progress achieved in the information processing capabilities helped im-
prove the optical communication transceivers. We can witness today many state of the
art optical wireless systems being employed in many short-range to long-range terrestrial,
ground-space and space-space communication application scenarios. This thesis presents
investigations on the statistical-dynamical channel modeling of terrestrial Free-Space Op-
tical (FSO) links in different climatic conditions such as fog, snow, rain and clouds. These
climatic factors can have a significant impact on the transmission of optical beams in the
free-space atmosphere. FSO links may experience a complete loss of signal caused by
the effects of dense fog. Moreover, sudden changes in temperature and pressure causing
scintillations may distorts the amplitude of the target signal. Therefore, any optical wire-
less system that relies on the propagation of optical beams in free-space must, therefore,
be designed to take these factors into account. The main emphasis of this work has been
on characterizing the terrestrial atmospheric channel for FSO links for different harsh en-
vironmental conditions. This would help optical wireless system designers in fields such
as meteorology, telecommunications, radar, and aircraft guidance systems face the chal-
lenge of predicting and compensating for these potentially serious weather-related effects.
The work is multidisciplinary and involves knowledge about FSO, atmospheric physics,
meteorology and statistics among many others.

1.1 Brief History of Optical Communication

Free-space optical wireless communications, also referred to as FSO, is a very poplar sub-
ject in today’s technological marketplace. The communication methods that employed
optical transmissions existed in their primitive form for centuries throughout the known
human history; well before the work of Claude Chappe, a French inventor who first
demonstrated a practical semaphore system in the year 1792. His system was a series of
semaphores mounted on towers, where human operators relayed messages from one tower
to the next. However, the information transmitted by optical means thus remained very
limited until the appearance of optical telegraph at the end of 18th century when telecom-
munications really started. Thus enabled individuals to communicate over long distances.
The quality of service (QoS) remained low due to the lack of reproducibility and reliabil-
ity of both transmitters and the receivers; of the men and the materials; and the changing
nature of the air a transmission channel [1].

1



2 1 Introduction

Optical transmission came to be available for the communication system after the laser as
a light source was invented. As a coherent light source being not in a nature, first working
laser (already described as stimulated emission by Albert Einstein 1905) i.e., a Ruby Laser
in 1960 by Theodore Maimann, was a milestone for the optical technology and paved
the way to another solution in the form of optical telecommunication based on optical
fibers [1]. With the almost simultaneous developments of low attenuation optical fibers
and semiconductor lasers emitting in continuous mode at room temperature in 1970-71,
led to an explosion of wired optical telecommunications. Optical fiber transmissions un-
questionably dominates fields of terrestrial long-distance transmissions, starting at about
10 km for metropolitan networks and up to several thousand kilometers as for cables and
the trans-oceanic transmissions and thus has become an integral and indispensable part of
the information superhighway system across the whole globe [2]. The network infrastruc-
ture, based on silica single mode glass fibers in buried cables, is already deployed for most
countries, e.g Europe, North America or Japan. Longer distance directive radio links for
terrestrial applications are only used for very special cases, but radio frequency is used
as the main medium for shorter distances non-directive applications like the access seg-
ment of networks, successful examples are the digital cellular telephone network (GSM,
UMTS), WLAN for data transmission in smaller cells, or DVB-T for digital television
broadcasting [2, 3].
The transmission capacity of wired communication systems from telegraph systems to
Dense Wavelength Division Multiplexing (DWDM) based state of the art fiber systems
has been constantly increasing, approximately getting a double about after every two years.
Innovation in electro-optic components, to perform system functions analogous to those
carried out in electrical and electronic domain, and the introduction of single mode fibers
has further accelerated this trend at an average rate of doubling every 18 months. Prior to
optical communications, electrical coaxial cables were used to transmitted data signals at
a maximum bit rate of 565 Mbit/s over 1 km distance between electrical regenerators. But
with the introduction of single-mode fibers and lasers the transmission capacity reached up
to 2.5 Gbit/s over distances of 100 km without regenerators. Next extraordinary achieve-
ment was made in the early 1990s with the development of optical amplifiers Erbium
Doped Fiber Amplifiers (EDFA). Later the DWDM systems were designed that combine
many optical channels in the frequency domain, allowing the simultaneous amplification of
optical signal from all the channels. Finally, the transmitted stream signal is demultiplexed
at the receiver end [4].

1.2 Overview of Optical Wireless Communication

FSO has the great potential to solve problems for bridging the last mile access network
gap to provide broadband internet access to rural areas and for disaster recovery. The
carrier frequencies in the range of 300 THz, allows very high data rates by the optical
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links. Among other advantages license free communication, easy installation, avoiding
electromagnetic pollution and wiretapping safety are few to name. Some of the possible
applications are web browsing, electronic commerce, streaming audio and video, telecon-
ferencing, real-time medical imaging transfer, enterprize networking, work sharing, and
high speed interplanetary links. Initially it was mainly considered as a solution to the last
mile access problem but now it is being investigated for high speed data transfer appli-
cations involving links between fixed and mobile platforms e.g., High Altitude Platforms
(HAPs), Unmanned Aerial Vehicles (UAVs), Geostationary (GEO) and Low Earth Orbits
(LEO) satellite terminals. Famous optical wireless links experiments in last few years
like Optical ground Station (OGS)-ARTEMIS, JPL-OCTL, Altair UAV-to-Ground, Strato-
spheric Optical Payload Experiment-STROPEX, Airborne Laser Optical Link - LOLA,
Optical Downlink Experiment like KIODO and TerraSAR-X LCT-ATM Laser Link are
few good examples showing the importance of such links for future broadband communi-
cation requirements. Nevertheless, widespread popularity of FSO communication systems
is hindered by its susceptibility to certain weather conditions and atmospheric variations.
In any communication system, transmission is influenced by the propagation channel, and
the propagation channel for FSO communication is atmosphere. Among all atmospheric
effects, fog is the most critical weather condition. Fog is characterized by several physi-
cal parameters such as liquid water content, particle size distribution, fog temperature and
humidity. Since the size of fog particles is comparable to the transmission wavelength of
optical and near infrared waves, it causes attenuation due to Mie scattering, which in turn
reduces availability for considerable amount of time.
One of the most promising of the new access technologies is Optical wireless, a line of
sight (LOS) broadband communication technology, that employs pulse-modulated beams
of visible or infrared light (in the terahertz spectrum of the electromagnetic radiations) to
transmit information robustly through the atmospheric free-space using optical transceivers
to form point-to-point communication links. Normally, the range of optical frequencies
usually employed for FSO lies within 20 THz to 375 THz frequencies band of the electro-
magnetic spectrum of the radiations (Fig. 1.1).

The concept of transmitting information through the air by means of modulated light
signal is quite old; and although significant advances have been made over the past ten
years, the concept remains relatively simple; a narrow beam of light is launched at a trans-
mission station, transmitted through the atmosphere, and subsequently received at the re-
ceive station (Fig. 1.2). The latest developments in the design and field application of
Free-Space Optics (FSO) have come about in response to a need for greater bandwidth
and improved communication systems. FSO systems are generally designed as bandwidth
and protocol-transparent physical layer connections [6]. FSO links are generally directed
line-of-sight links with recent developments aiming at providing optical Multi-Input Multi-
Output (MIMO) functionality for the next generation high speed optical networks [7, 8].
Nowadays, FSO communications technology is identified as an attractive alternative to
complement existing microwave (mmW) and radio frequency (RF) communication links
for the backhaul traffic [9]. This technology has some inherent prime advantages like
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Figure 1.1: Electromagnetic wave spectrum [5]

higher data rates exceeding easily 100 Gbit/s using WDM techniques, security aspects,
EMC/EMI immunity, frequency regulation issues, low terminal size and weight, small
aperture sizes and low power consumption. It is anticipated that FSO technology will ac-
quire an important role in satellite networks besides opening up opportunities in emerging
technological advancements such as hybrid optical/RF or optical/mmW diversity, MIMO
for the next generation of optical WLAN, and diversified applications such as short range
communications (few mm) like optical links in a PC to a very long range communica-
tions (thousand of km), for example, links between OGS and the GEO satellite [10, 11].
Currently, FSO is finding niche applications both in military as well as commercial services
sectors; as the FSO provide flexibility of establishing links on fixed as well as on mobile
platforms depending upon the user requirements and the dedicated application scenarios
[13, 14]. The optical links may also include a metropolitan network using air-to-air laser
communication between office buildings, a long distance optical link between an optical
ground station and a building or satellite platform, or an inter-satellite link and bridges
the last mile connectivity gap throughout metropolitan networks [15]. To develop the
next generation of optical wireless terminals with reduced mass, size and power consump-
tion, and increased data transmission rate several studies were made in the last ten years
[16, 17, 18]. The optical terminal design has been specifically optimized for point-to-point
fixed as well as mobile platforms links between spacecrafts located at LEO/GEO orbits,
and between high altitude platforms (HAPs) e.g., stratospheric platforms/aircrafts/UAVs
and spacecrafts in GEO orbit (Fig. 1.3).
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Figure 1.2: Operating principle of an optical wireless system [12]

Unlike the previous space-space scenarios, optical link between an OGS and a GEO
satellite entails long-distance propagation through the atmosphere. FSO system perfor-
mance depends on internal as well as external parameters; internal parameters relate to
the design of the FSO system and include optical power, wavelength, transmission band-
width, divergence angle, and optical loss on the transmit side and receiver sensitivity, bit
error rate (BER), receiver lens diameter and receiver field of view (FOV) on the receiver
side. External parameters relate to the environment and include visibility range and atmo-
spheric attenuation, scintillation or atmospheric turbulence, deployment distance, window
loss, and pointing loss. Overall optimum FSO system design is highly dependent upon the
intended application, required availability, and cost point. By far the most important appli-
cation of the FSO is to provide broadband Internet connectivity to the customer premises.
With the advent and adoption of free-space optics, light will be able to deliver the optical
capacity through the air, enabling completely optical wireless connectivity [20]. In recent
years, extensive work is being carried out to make the optical wireless systems more suit-
able for short range as well as for relatively longer distance communication applications
like e.g., optical ground stations OGS and terminals in space (un-manned aerial vehicles
UAVs, high altitude platforms HAPs and LEO/GEO satellites) [13, 21]. Fig. 1.4 illustrates
future optical communication network for near-earth application scenarios made up of op-
tical communication terminals.
Free-space optics (FSO) links involving optical ground stations (OGS) are highly influ-

enced by the earth atmosphere due to the interaction of the optical wave with particles of
different size and shape. Fog, clouds, rain and snow cause significant signal attenuation
thus limiting the performance of such links (Fig. 1.5). The major drawbacks of free-
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Figure 1.3: Application scenarios of optical wireless systems [19]

space optics are propagation impairments produced by the interaction of the optical wave
with the earth atmosphere. As a result, special techniques have to be developed to cope
with the atmospheric effects. Absorption and scattering on atmospheric particles as fog,
rain, snow and clouds result in such effects as wave front distortion, beam wandering and
beam spreading, that in turn are responsible for significant signal loss (Fig. 1.5). More-
over, even in the absence of atmospheric particles, air turbulence introduces propagation
impairments resulting in an increased BER [23]. Measurements showed that optical tur-
bulence decreases exponentially with altitude and that significant turbulent activity can be
found up to 25 km altitude. The effects of optical turbulence are stochastic in space and
time, producing signal fades on a timescale of several milliseconds in fixed applications
[24, 25]. Fade levels can exceed 20 dB in extreme cases depending on the propagation path
and on the link range. The FSO links in the troposphere (i.e. the lower part of the atmo-
sphere up to 10-12 km above ground) are mostly affected by clouds and fog. Nonetheless,
the contribution of hydrometeors is not negligible. Optical attenuation can be up to 130
dB/km in moderate continental fog environments [26] and up to 480 dB/km in dense mar-
itime fog [27]. Rain can cause attenuations up to 20-30 dB/km at a rain rate of 150 mm/h
[28], whereas specific attenuation through falling snow can well exceed over 45 dB/km
[29]. Finally, attenuation values due to clouds can be much higher than 50 dB/km [30].
High attenuation due to clouds can be mitigated by ground station diversity to minimize
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Figure 1.4: Near-earth application scenarios of optical wireless systems [22]

the probability of cloud coverage [31, 32]. Additionally, using a longer wavelength (e.g.
10µm instead of 1.55µm) leads to lower cloud attenuation, increasing link availability for
thin clouds. Long-distance links are affected mainly by the optical turbulence and there
exist no wavelength window in the optical spectrum that can avoid losses induced by tur-
bulence [24]. However, intensity fluctuations and the corresponding BER (> 10−9) can be
decreased by using a longer wavelength since fluctuations decrease as λ−7/6. The short
fades due to turbulence can be mitigated by multi-site diversity, higher power single mode
lasers and different error control techniques. More generally, atmospheric effects can be
mitigated by adaptive optics: for instance, the directivity of the antenna can be improved
by applying the appropriate wave front compensation to the transmitted signal [7, 33].
Despite great potential of FSO communication for its usage in the next generation access

networks, its widespread deployment has been hampered by reliability and availability is-
sues related to atmospheric variations. It is interesting to note that though this technology
has been named Free-space Optics, much of its utilization has been in terrestrial atmo-
sphere where light communication suffers all sorts of channel degradation effects which
are usually absent in actual free-space channel scenario (Fig. 1.3). This factor is perhaps
the only drawback associated with FSO communications and one of the main reasons for
its limited deployments in many regions of the world.
Light attenuation through terrestrial atmosphere is caused by various physical phenomena:
absorption, scattering, beam wandering, beam spreading and wavefront distortion etc. Ab-
sorption and Scattering of light occurs when transmitted FSO beam interacts with particles



8 1 Introduction

Figure 1.5: Major atmospheric effects affecting a terrestrial optical wireless system [34]

of smoke and dust, droplets of fog, haze, smog and rain, flakes of snow etc., suspended in
the atmosphere. During this interaction of light with particles and droplets, light is both
absorbed and scattered in different directions. As a result of these interactions, light contin-
uously loses energy while traveling in the forward direction, thus restricting the maximum
length of the link as well as presenting new challenges for optimum detection of received
signal. Absorption can be controlled by transmitting light at such chosen bands of spec-
trum where absorption effect is minimum and we can ignore this loss without affecting
the practical results significantly. However no such band is found where scattering loss
can be minimized. Beam diversion results because of atmospheric turbulence whereby
light traveling through different pockets of the atmosphere at different temperatures suf-
fers changes in its direction due to variation in the index of refraction of medium along
the link. This can result in the beam wandering away from reception element causing loss
of power at receiver. This is stochastic effect and can be taken care of by high power sin-
gle mode lasers and multi-site diversity of receiving elements. Adaptive optics can also
be used to improve the directivity by applying wavefront compensation to optical signal.
The biggest challenge to FSO communication today is to counter the deleterious effects
of fog on the transmitted optical signals. Fog microphysics tells us that specific attenua-
tion (dB/km) depends largely on particle or droplet size distribution (PSD) or (DSD) of
fog droplets in atmosphere. This attenuation is caused in major part by scattering by fog
droplets or aerosol; and attenuations by molecular/aerosol absorption and molecular scat-
tering effects are negligible in comparison. Thus light traveling through foggy atmosphere
undergoes scattering by droplets and this is the major source of attenuation of the optical
signal. There are three types of scattering: Rayleigh Scattering, Mie Scattering and the



1.3 Motivation 9

Geometrical (non-selective) Scattering. Rayleigh Scattering occurs when light is scattered
by particles much smaller than the wavelength. However, when particle size become com-
parable to the wavelength Mie scattering is the predominant effect. Geometrical scattering
occurs when size of the interacting particles is much larger than the transmitted wave-
length. Today most of FSO communication takes place in bands where absorption effect
is minimum and scattering effects are modeled by Mie Scattering Theory exclusively.
The choice of the transmission wavelength for FSO links depends not only on the char-
acteristics of the atmospheric channel, but also on factors such as the optical background
noise and the technologies developed for lasers, detectors and spectral filters. As a re-
sult of recent technology developments, optical sources and detectors operating at short-
wave infrared and long-wave infrared have become available [35]. Furthermore, ground
to space laser communications could benefit from modulation schemes less sensitive to at-
mospheric effects (e.g., polarization-based modulation schemes) and non-traditional areas
such as optical/radiofrequency (RF) or optical/microwave (mmW) diversity. The trans-
mission of high intensity ultra-short laser pulses through fog and clouds has recently been
demonstrated [36]. Amplification of optical signals in the atmosphere in a similar way like
optical amplification is performed using optical fibers could also be envisaged.

1.3 Motivation

In the past decade, the world has witnessed a dramatic increase in the traffic carried by the
telecommunication networks. Internet traffic is approximately doubled every six months,
and there is clearly a need for high-speed, reliable network infrastructure to accommodate
this rapid increase. Optical fiber systems provide the means to achieve high bit rates in the
core and the metropolitan-area network level. However, the fiber has still a long way to
go, before it reaches the customer premises (the Fiber-to-the-Home, the FTTH concept).
Indeed, fiber installation costs can be quite expensive, and hence an investment to bring
the fiber in the access network is not likely to be economically viable due to poor internal
rate of return.
Free-Space Optical (FSO) wireless access technology is by far the only most viable so-
lution, for creating a three-dimensional global communications grid of inter-connected
ground and airborne terminals, and it emerged as a promising access technology to ad-
dress the needs encountered as a result of the massive expansion of the global telecom-
munications networks. The huge amount of data exchange between satellites and ground
stations demands enormous bandwidth capacity that cannot be provided by strictly reg-
ulated, scarce resources of the Radio Frequency (RF) spectrum. The spatially confined
laser beams has the potential of providing virtually unlimited bandwidth to the end user
with data/information security guaranteed at the physical layer. Motivation to further in-
vestigate this area of research comprehensively is acquired for many pros and cons of this
access technology that make it very challenging and interesting and are listed as under:
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• Can serve as a high-bandwidth bridge (the "last mile") between the local area net-
works (LANs) and the medium area networks (MANs) or wide area networks (WANs).

• Using the same antenna size, the power can be focussed much better at optical fre-
quencies. In the link budget, the antenna gain is much higher. For space applications
over long distances, which will use directive links, this means, much more power
can be transmitted. Provided that transmitter and receiver are aligned well, and pro-
vided that the lenses or mirrors surface has a very high quality, to be able to come
close to the diffraction limit.

• The narrow optical beam width allows a much high data rates, either inter-satellite
links, or links from ground station to satellites, as compared to RF.

• As terrestrial optical communication shows, it is comparatively easy to go for very
high data rates, provided sufficient receive power is available. For the same bit error
rates, higher data rates in optical communication with direct detection require less
increase in receive power, as compared to RF communication. (For very sensitive
optical technologies, this is not the case).

• The same transmission protocols can be used than for fiber-optic cables. As pro-
tocol conversions always means delay and latency time, reducing conversions is an
advantage for all real-time applications. The prototype demonstrations from several
suppliers have reported that capacities in the range of 100 Mbps to 2.5 Gbps and in
laboratory demonstrations as high as 40 Gbps, are achievable.

• Optical transmission can operate close to the quantum limit. The distribution of
secure keys, based on pairs of entangled photons, may be an important application
for the future. Such a distribution service is possible from a space platform.

• Low start-up and operation costs, mostly due to the fact that Optical wireless trans-
mission is not regulated by the Federal Communication Commission (FCC), and
does not require expensive licensing of the spectrum needed.

• The optical satellite terminals can be small in structure and lightweight. As an ex-
ample, the deployment of the high-gain antenna dish of the Galileo-probe on its way
to Jupiter failed. This can always happen to large structures, which have to be de-
ployed in space, as there is not enough space in the rocket fairing. Optical terminals
achieve very high directivity with comparatively small apertures.

Optical technology is expected to revolutionize our communication system architectures
especially the ground-space and in-space communication system architecture and one can
witness a linear increase in the trends of data rate for Earth observation satellites with the
every coming year. Fig. 1.6 and Fig. 1.7 below shows a recent history and future trends
of increase in data rates storage capacity and the number of bits per pixel of stored image
data for our Earth observation missions, respectively [10]. It is clearly evident that with the
availability of state of the art electro-optical components now a days, a linear increase in
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the sensor resolution can be seen. With the memory size well over 1 Tbytes and digitized
bits more than 13 bits, Gbps-class laser communication is inevitable for data download
from Earth observation satellites in the near future.
However, Optical wireless systems are not without challenges as the promised enormous

Figure 1.6: Trends of data rates for Earth observation satellites [10]

data rates are only available under clear weather conditions, and atmospheric phenomena
such as clouds, fog, and even turbulence can degrade the performance, dramatically. While
turbid media such as clouds and aerosols cause pulse broadening in space and time, turbu-
lence presents itself as scintillation and fading. To exploit the great potentials of free-space
optical wireless at its best under all adverse weather conditions, prudent measures must be
taken in the design of transmitter and receiver and to the precise and realistic modeling
of the free-space atmospheric channel. Especially the free-space atmospheric channel for
terrestrial applications or ground-space applications (such that if it entail propagation of
the optical signals through the earth atmosphere) poses a greatest challenge to the trans-
mission of free-space optical signals in conditions like fog, snow, rain and clouds. The
transmitted optical beam interacts with the particles of the medium and results in many
complex phenomena like scattering, absorption and extinction etc. Of all atmospheric
effects fog is by far the major limiting factor as it causes substantial attenuation of the
transmitted optical signal. Moreover, observing legally mandated upper limits to the inten-
sity of the transmitted optical beam is also a major concern in the usage of such systems.
These two challenges highlight one of the critical design trade-offs that must be resolved
to field a successful optical wireless system such that the system must transmit enough
power, within the allowable eye-safe limits, so that the FSO link may render a very high
availability for a high percentage of the time.
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Many models were proposed in recent years by scientists to predict attenuation of optical

Figure 1.7: Trends of sensor resolution for Earth observation satellites [10]

signal through different atmospheric conditions in general and for fog especially. Most of
these models are empirical derived through curve fitting techniques of the experimental
data values obtained in the some field experiments. However the utility of these models is
limited as they may not depict some of the most important parameter from communication
system design perspective. It is now a well established fact that fog behavior is not the
same at different locations around the globe due to variability of environmental conditions
and due to the difference in the behavior of various fog types and thus attenuation experi-
enced by the light beam is a random phenomenon. Moreover, the concentrations of matter
in the atmosphere, which result in the signal attenuation vary spatially and temporally, and
depends on the current local weather conditions. This makes the understanding task some-
what very tedious and interesting. However, almost all empirical models proposed up to
date have been able to suggest, at best, average specific attenuations in certain environ-
mental condition for a given optical link. The other types of models proposed are based on
microphysical properties of a particular phenomenon. However, applicability of such mod-
els is somehow limited due to the fact that most of such microphysical parameters are not
measured usually at the sight of installation of optical links. Moreover, simulating these
parameters behavior is very complex and time consuming and yet again, these values serve
only to indicate average attenuation per unit length of link and do not explain changes in
attenuation. Thus from an engineering point of view there is a dire need for a better un-
derstanding of different atmospheric effects and their influence on the transmitted optical
beams in free-space such that their attenuation behavior could be statistically probable
with sufficient accuracy while stochastic parameters be able to enhance the understanding



1.4 State of the Art Literature Review of Free-Space Optical Communication Systems 13

of a system designer/engineer about a certain limiting process. Such an understanding is
vital to exploit and utilize randomness in the apparently stationary behavior, especially like
fog, in order to propose better strategies to overcome or at least lessen the severity of light
attenuations through fog.

1.4 State of the Art Literature Review of Free-Space Optical
Communication Systems

The access network performs a critical function in the overall telecommunication network
by bridging the "last mile" and thereby providing a cost-effective means for users to utilize
the network and its broad array of services. FSO technology is one of the most promising
and emerging access technology having tremendous potential to offer fiber-like bandwidth
and the lowest cost per bit of information transmitted. In order to successfully design and
field an optical wireless system, a number of critical design trade offs related especially to
the free-space atmospheric channel, the specification of a particular wavelength for trans-
mission and the transmitter and receiver design must be resolved [37, 38].
In the communication world, FSO is one area which need be researched comprehensively.
The theory behind free-space optical communications is well represented in the literature
[6]. The effect of fog and other impairments on the performance of the systems have re-
mained an actively researched area and different kinds of solutions have been proposed to
combat such conditions. The selection of an appropriate wavelength to provide optimum
performance has been a major point of disagreement [39]. Availability and reliability anal-
ysis for FSO systems has been extensively carried out [9, 31] to prove their importance in
the evolving broadband network. Hybrid FSO-RF links promises very high availabilities
[40, 41], and the development of an intelligent switch-over is an open problem [42].
Currently, optical wireless systems are mainly being used for short range communication
applications like the Last-mile access. FSO has demonstrated the application potential
in many areas such as line-of-sight communications, satellite communications and the last
mile solution in a fiber optics networking. Optical wavelength having wavelengths 0.8 µm,
1.5 µm, 3.5 µm and 10 µm are now commonly available and are currently being used in
state-of-the-art free-space laser communication systems [43, 44]; unfortunately the system
performance is imposed by atmospheric turbulence [13]. To reduce atmospheric effect
in free-space laser communication systems, several techniques have been used, such as
adaptive optics, aperture averaging, coding techniques and multiple transmitters [4, 30];
however, significant improvement has not been achieved yet. Such systems are in use
for long distances and the most accurate solutions with acquisition and tracking for space
applications [45, 46]. Due to the availability of sensitive electro-optic components, multi-
ple aperture transmitter and receiver optical schemes are being researched and employed
in order to increase availability and reliability [47]. On the other hand efficient power
estimation and equalization techniques are being researched along with utilizing robust
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modulation and coding techniques and employing adaptive optics to increase the data rates
[48, 49]. For designing high performance links, efforts are being made to possibly de-
sign an intelligent switchover between FSO and redundant RF link [50]. Recent research
has successfully demonstrated 80 Gb/s free-space optical communication demonstration
between an aerostat and a ground terminal [51]. For these links, a very precise beam
pointing and tracking system is used to maintain beam alignment and dynamic wave front
compensation [52, 53]. In recent times, FSO links are being investigated for certain inno-
vative application scenarios like high data rate optical links between earth station and the
satellite or the HAPs in addition to last-mile access solution [44, 51, 54].

1.5 Thesis Contribution, Scientific Focus, and Organization

Because of the quality of the transmitter and detection systems today, the limiting fac-
tor in overall system performance of a FSO system is the propagation medium. One of
the potential challenges currently faced by the FSO industry in order to improve its link
availability and reliability is the modeling of the terrestrial free-space optical channel for
adverse weather conditions like fog, snow and clouds. Especially, a thorough insight of
the atmosphere and various mechanisms of signal attenuation are required to improve its
performance and acceptability. Modeling the atmospheric channel for different fog condi-
tions is a problem of great complexity due to a number of dynamic atmospheric parameters
that affect the channel performance and the disagreement over the mathematical modeling
of these phenomena [1, 55]. All these important models and many others helped in un-
derstanding the complex behavior of fog attenuation to some extent, in general, but could
not provide a major breakthrough. Since most of these models are empirical models and
contributed a little in overcoming, or at least limiting the fog attenuation factor.
The investigations in statistical-dynamical channel modeling of the terrestrial FSO links
for adverse weather conditions (especially dense fog) are of great importance because the
future access networks will rely heavily on the terrestrial and ground-space FSO networks.
An in-depth analysis of the measured optical attenuations data collected in rain, snow and
different fog conditions provides a useful insight about these effects on the installed FSO
systems. Based on the measured attenuation data, in particular radiation fog conditions,
few prediction models are proposed and evaluated in detail in chapter 4 and chapter 5, and
are thus the main contribution of this thesis. These prediction models are mainly based on
Mie scattering theory and usually employ one of the two drop size distributions i.e., the two
parameter exponential distribution or the three parameter modified gamma distribution. It
is hoped that the proposed models and their subsequent analysis presented will be useful
in improving the propagation tools and data of integrated telecommunication, navigation
and Earth observation systems and the proposed prediction models can be disseminated
later into ITU-Recommendations. Moreover, the results of this work are important for the
scientific community towards better understanding of the FSO related problems and crit-
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ical overview of different models previously presented. The originality and significance
of this thesis contributions is reflected by publication of parts of this thesis in several peer
reviewed conference proceedings and journals (as mentioned in Appendix A).
This thesis focuses on the statistical-dynamical channel modeling of the outdoor FSO links
especially for fog conditions. Thus, only optical attenuations of the laser beam in different
fog conditions are of interest. Furthermore, because the free-space optical channel mod-
eling is a wide and many-fold topic, the span of this thesis has been restricted only to
model the most common weather conditions like fog/clouds, rain, and snow for terrestrial
FSO scenario. The signal behavior therefore is derived from the optical received power
reaching the receiver. This implies that ultimately only optical power attenuations will be
of concern. In addition, influence of temperature, relative humidity, liquid water content,
particle size distribution and particle density is also investigated and evaluated in sufficient
details.
Given these findings, more specific questions were formulated:

1. How can we characterize and quantify the fog, rain and snow related optical atten-
uations related to terrestrial FSO links? Can the fog related optical attenuations be
quantified on the basis of their dependence on its seasonal and diurnal life cycle?
What are the overall conditions and mechanisms associated with the formation, evo-
lution and dissipation of fog, and how significantly they influence the propagation of
optical signals in free-space? How detrimental are the rainfall and snowfall related
optical attenuations and how good are the different models (empirical and analytical)
in predicting the optical attenuations in comparison to actual measured attenuations?

2. How variable is the fog microphysics and corresponding DSD at different locations
but with similar fog environments, and what is its influence on the propagation of
optical signals in free-space? How can we relate optical attenuations with the fog
density and thus in turn to amount of liquid water content? Can we rely on liquid wa-
ter content parameter besides visibility range in order to predict optical attenuations
accurately?

3. On the basis of actual measured attenuation data from different locations, can we
predict the DSD parameters optimally? On the basis of such DSD parameters es-
timated can we predict optical attenuations for FSO links at different locations but
similar fog environments?

These questions represent the core motivation for the following research and each is ad-
dressed in a distinct chapter of this dissertation,

• Chapter 2 presents the theoretical background related to the propagation of optical
radiations in the free-space atmosphere in order to thoroughly assess the perfor-
mance of terrestrial optical links. In this chapter various physical and optical char-
acteristics of the free-space channel are described. Additionally, various existing
channel models (deterministic as well as empirical) commonly employed in case of
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free-space optical links, are also mentioned along with their pros and cons for certain
communication applications.

• Chapter 3 describes measured optical attenuations and their analysis for different
atmospheric conditions especially fog (radiation and advection), rain and dry snow
conditions. This chapter further provides a detailed comparison about optical attenu-
ations recorded at Graz, Milan and Prague, especially for continental (radiation) fog
environments. In the subsequent section, an analysis of the measured attenuations is
provided on the basis of seasonal and diurnal variations.

• Chapter 4, deals with investigations on microphysical properties of fog. Firstly, the
fog phenomena is discussed with focus on the fog formation, its maturity and dis-
sipation. Then its influence on the terrestrial free-space optical links is discussed
on the basis of actual measured attenuation data. Then in the second section, fog
density measurement sensor setup is explained followed by the analysis of the fog
density measurement results from two locations Graz (Austria) and Budapest (Hun-
gary). This section is followed by an empirical model that deals with relationship
between measured optical attenuations and the corresponding values of temperature
and relative humidity. In the final section, prediction model dealing with fog drop
size distribution (DSD) and liquid water content (LWC) from measurement of fog
density is discussed followed by analysis and comparison of fog density with the
actual measured attenuation data.

• Chapter 5 is focussed on fog attenuation prediction methods. In the first section, a
model based on Mie scattering theory and modified gamma droplet distribution is
proposed that is based on Marsaglia method to compute DSD parameters. Next sec-
tions deals with the methodology to retrieve fog related DSD parameters, especially
Modified Gamma and Exponential distribution parameters. This is accomplished by
using standard iterative procedure of optimally determining the distribution param-
eters corresponding to the two representative fog events recorded at Graz (Austria)
and Prague (Czech Republic). This method is complemented by an appropriate per-
formance analysis and comparison of the retrieved DSD parameters for both DSDs
mentioned.

• Chapter 6 provides the overall conclusion of this work by outlining major achieve-
ments and the future work directions.
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The performance of terrestrial free-space links is primarily dependent upon the climatol-
ogy and the physical characteristics of its installation location. In general, weather and
installation characteristics that impair or reduce visibility also affect the free-space link
performance. Severity and duration of the atmospheric effects affect the distance and the
availability of the links. Significant success is not till achieved in overcoming the detri-
mental behavior of adverse atmospheric conditions on the optical signal transmitted in
the case of FSO. Especially, modeling the attenuation effects of different fog, snow and
cloud conditions still remain the major challenge to the widespread applicability and ac-
ceptability of this access technology. The free-space atmospheric channel always play an
important role in limiting the performance of optical wireless systems in adverse weather
conditions, however, in clear weather conditions optical wireless technology surpasses any
other competitive access technology in terms of data transmission efficiency. Character-
izing the free-space channel for different adverse weather conditions for such links is a
major issue for the research community [56]. Disagreement also exists among researchers
on the modeling of the free-space channel for various weather conditions and a variety of
impairments are possible to model the attenuation effects caused by phenomenon like rain,
snow, fog, different kinds of dust and smoke particles (aerosols). This chapter focusses on
the description of some important atmospheric attenuators, the necessary theoretical back-
ground concerning their attenuation behavior and on the various modeling approaches of
such factors.

2.1 Light Wave and Photons

Light has an enormous potential to transmit large data volumes and the high optical fre-
quencies make it possible to utilize very broad bandwidth in an energy-efficient manner.
Light, as well as RF signals are electromagnetic transversal waves, which can propagate
in free space. The signal is a wave in the electric field

−→
E as well as in the magnetic field−→

H . For far field considerations, in sufficiently long distance to the transmitter, both fields
have well known relations to each other. For the

−→
E f ield, the relation is:

E(x, t) = Acos2π(
t
τ
− x

λ
−ϑ1) (2.1)

where A is the signal amplitude, t is the wave period in time (corresponding to the fre-
quency f with f = 1

τ
), λ is the wave period (wavelength) in space and ϑ1 is the start phase.
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As Equation (2.1) indicates, the wave can be seen as a spatial wave (over distance x) and
as a temporal wave (over time t). Wavelength and frequency are related according to:

ν = λ · f (2.2)

where ν is the velocity of light in vacuum c = 2.99792458×108 m
s . The

−→
E −wave and the

−→
H −wave are related with the wave impedance Z by the following Equation:

Z =
√

µ0.µr

ε0.εr
(2.3)

where
ε0 = 8.854×10−12 As

V m is the electric field constant called vacuum permittivity
εr = 1 is the relative static permittivity or dielectric constant in vacuum
µ0 = 4π×10−7 N

A2 is the magnetic field constant called permeability in free-space
µr = 1 is the relative permeability constant of water
In the far field, this impedance becomes real, Z0 ∼= 377Ω.
While for RF communication the voltage is modulated and radiated as electric field by an
electrical dipole antenna, or (rarely) current is modulated and radiated as magnetic field by
a loop antenna, due to the high frequency these parameters are not accessible for classical
optical communication. In this case, the optical power POpt , or as it is usually termed, the
light intensity I is modulated over time (if intensity modulation (IM) is used).

POpt(t) =
∫

I(X0, t)dA. (2.4)

The power is the integral over the illuminated area A in this case. As Max Planck found in
1900, that energy is granular or quantized i.e., made of individual units called quanta. The
relationship for quantization of energy is given by:

EPH = h · f (2.5)

where h = 6.625×10−34 Js is the Planck’s constant. The quantum formula of the energy
Equation (2.5) allows to re-write the formula for optical power, simply adding up a number
of the elementary particles of the electromagnetic wave, i.e., the photons.

POpt(t) = n(t) ·EPH = n(t) ·h f (2.6)

Here n(t) is the rate of photons, generated over time, and EPH is the energy of a single
photon. As can be seen, the energy of a photon increases with the frequency of the elec-
tromagnetic wave. This means, transmitted power at higher frequency shows more of the
single particle properties and also interact with matter, whereas lower frequency rather be-
haves according to the wave model. It is interesting to note in optical communication, that
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the (spontaneous) generation and detection of photons is a statistical process, which can
be described by the Poisson distribution:

p(n|T ) =
(rT )ne−rT

n!
(2.7)

p(n|T ) is the probability, to count a number of n photons in the time period T, and r is the
average count rate. If for the case of data transmission, the time period T for "light state"
is chosen to a fixed value, and the average count rate in this period is N = rT , Equation
(2.7) can be simplified to:

p(n) =
Nn

n!
.e−N (2.8)

Assuming digital optical data transmission using Intensity Modulated with equal proba-
bility of "light state" and "dark state" (e.g. Manchester coding, 2PPM, etc.) a bit error
is observed for the case, that no photon is detected during the "light state" period. The
probability for this case is:

p(0) =
N0

0!
.e−N =

1
1
.e−N (2.9)

On the other hand, a requirement of a certain bit error rate (BER) like 10−9 (means one
bit error for 109 transmitted bits) requires an average count of photons over time for "light
state", which is:

p(0) = 10−9 ≡ e−N =
1

eN (2.10)

109 = e−N |ln (2.11)

N = ln(109)∼= 20.7 (2.12)

This means, an average count of 11 photons per bit is necessary, if light and dark states have
equal probability. So, not considering any other receiver noise contribution, the limitation
of quantum noise for classical optical communication requires a minimum average optical
receive power PMIN of:

PMIN = f loor(
N
2

).Rb.EPH (2.13)

where N is the average count of photons per bit to achieve a certain BER, Rb is the bit
rate and EPH is the photon energy. This is a clear derivation and a good approximation
for a limit, which due to different noise contributions in practical cases usually cannot
be achieved. This means, the minimum required optical receive power is dependent on
the light wavelength due to the particle properties of light. Longer wavelengths have less
quantum noise and allow lower receive powers for direct detection with a photodiode.
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2.2 Free-Space Atmospheric Channel

The outdoor free-space atmospheric channel for optical wireless links (terrestrial and ground-
space links) is impaired mainly by absorption and scattering phenomena as a result of its
strong interaction with aerosol particles of different types and shapes present in between
the transceiver terminals. This interaction results in a wide variety of complex phenomena
like frequency selective attenuation, free space loss, clear air absorption, scattering and
scintillation noise induced due to atmospheric turbulence (Fig. 1.5). The outdoor free-
space optical links usually employ high-power lasers operating in class 3B band or above
for maximum coverage at high data-rates. Due to the existence of direct LOS path between
the transmitter and the receiver, the problems associated with multi-path propagation are
eliminated. As a result, very high data rates can be transmitted over a relatively larger
distance when compared with non-directed diffused systems (Fig. 2.1).
Frequency selective absorption at specific optical wavelengths comes from the interaction

Figure 2.1: Free-Space Optical Wireless System [57]

between the photons and atoms or molecules that leads to the extinction of the incident
photon, elevation of the temperature, and radiative emission. Atmospheric scattering re-
sults from the interaction between the photons and the atoms and molecules in the prop-
agation medium. Scattering causes angular redistribution of the radiation with or without
modification of the wavelength. Scintillation is caused by thermal turbulence within the
propagation medium that results in randomly distributed cells having variable sizes (10 cm
- 1 km), temperatures, and refractive indices causing scattering, multi-path and variation of
the angles of arrival. In addition, background radiation effect and sunlight can also affect
the FSO performance significantly. All atmospheric effects interfering with the transmitted
optical beam for FSO links can be divided into following four broader categories:
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• Attenuation: reduction in received optical power caused by absorption and scattering
on molecules and aerosol particles etc.

• Scintillation: fluctuation in received signal power

• Beam wander: mispointing

• Beam spreading: reduction in antenna gain

In the subsequent sections, free-space atmospheric channel for outdoor links is discussed
in detail with special focus on its structure, composition and different attenuating effects.
Later on, different channel models (empirical, deterministic and statistical) that were pre-
viously employed in order to efficiently characterize the outdoor free-space optical chan-
nel.

2.2.1 Composition of the Atmosphere

To characterize the properties of atmospheric transmission affecting optical wireless sys-
tems operating in free-space, the gaseous constituents of the atmosphere are classified into
two broader categories i.e., constituents in the form of gases that are in majority and the
ones that are in minority.
The atmospheric constituents in the form of major gases like O2, N2, Ar., are found in
abundance and distributed uniformly (concentration do not vary significantly with time)
up to an altitude of 100 km, in proportion to a fixed volume (with a variation of less than
1%), to an altitude of more than 15 km depending on the latitude. In the visible and in-
frared atmospheric transmission at earth (up to 15 µm), alone among these constituents,
this CO2 absorption bands are important. Note that O2 has a relatively narrow absorption
band in the visible spectrum around 0.7 µm due to the magnetic dipole moment, whereas
it has strong absorption in the ultraviolet band.
Atmospheric constituents like CO2, H2O, O3 although are in minority but impact the opti-
cal propagations significantly. They are found in variable proportions by volume and their
concentration varies according to:

• The location (latitude, altitude, or sea mainland)

• Environment (urban, rural and maritime),

• Weather

The main component of this category is the water vapor H2O. Its concentration depends on
the climatic and meteorological parameters. For example, in marine areas its concentration
can reach up to 2% while its value above 20 km altitude is zero. To quantify the amount
water vapor H2O in the air, the concentration is measured from the atmospheric humidity,
which we define by the following quantities:
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• The number of millimeter of precipitable water w0 per km.

• Absolute humidity (g/m3): mass of water-vapor per unit volume of air and its below
given relation can be derived from Ideal gas law,

A.H = 2170× [
pH2O

T
] (2.14)

• Relative humidity (%): ratio of water-vapor partial pressure measured in units of
kilo-Pascals (kPa) to the saturation vapor pressure Es(T ) (also measured in kPa) and
is given by the following relationship,

R.H = [
pH2O
Es(T )

]×100% (2.15)

where
Es(T ) = 2.4096(

300
T

)510(10−2950.2/T ) (2.16)

The concentration of Ozone O3 varies depending on the altitude (maximum 25 km), lat-
itude and season. It offers significant absorption in the ultraviolet and infrared regions
around the wavelength of 9.6 µm.

2.2.2 Aerosols Composition and their Classification

Atmospheric aerosols are tiny particles of solid or liquid suspended in the Earth atmo-
sphere that vary not only in their chemical composition but also in size (0.001 to 100 µm)
and shape (spherical, ellipsoid, rods., etc.). Aerosols exist even in the clearest weather
conditions and their presence in the atmosphere significantly influence the climate, either
directly by altering the radiative balance of the planet, or indirectly by modifying the op-
tical properties of clouds due to a change in their microphysical properties. They can
significantly alter transmission of optical radiation, as evidenced by the important example
of reduced visibility due to the presence of pollution or fog. Actually, the visibility param-
eter is a measure of how an object can be seen through the air and hence characterizes the
opacity of the atmosphere (see Section 2.4.2). Generally, simple shapes of the aerosols are
assumed for model calculations; however shape distribution functions are also required.
Whereas, size distribution functions specify the concentration of a particle as a function of
its radius. Atmospheric particles can be categorized into two broader classes:

• aerosols; consist of very small size particles like smoke, smog, cosmic dust, clouds,
fog, volcanic ash etc.

• hydrometeors; mainly consist of water-dominated particles in the solid or liquid
forms like fog, haze, mist, rain, snow, sleet, hail and many types of clouds etc.
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The nature of aerosols depends strongly on the environment: urban, rural or maritime. As
For example in a marine particles consist mainly of water and crystals salt, whereas in rural
areas they consist partly of dust raised by wind. The size distribution of these aerosols is
quite similar in the lower troposphere and near the ground. Only their concentrations and
mean radii differ depending on the altitude.

Aerosols Classification

Aerosols are airborne particles that have variable drop speeds in the atmosphere (e.g., a
particle of 0.01 µm average speed of fall of 0.3 m/month while for a particle of 10 microns
that speed goes to 0.3 m/minute). This limits the variation in size of these particles between
0.001 to approximately 100 µm. Indeed, particles smaller than 1 nm are considered ions.
For ions rate of chemical variations is an important parameter and they disintegrate very
rapidly and so are unstable. For the particles whose size exceeds 100 µm (0.5 m/second),
the sedimentation rate is large enough, which causes their precipitation. According to their
formation process we classify aerosols into two categories:

• The primary aerosols; that are emitted directly into the atmosphere as particulate
like volcanic ash, sea spray, desert dust, industrial dust etc.

• Secondary aerosols; that are formed as result of chemical transformation of a gas
phase into particulate phase by various processes e.g., sulfate, organic compounds,
etc.

The optical properties (refractive index) and microphysical (size distribution, shape and the
composition of particles) of aerosols depend strongly on their origin (source and mecha-
nism production). The form of aerosols is often irregular, liquid aerosols are spherical
while solid aerosols are found in various forms (cubic, cylindrical, agglomerated etc.).
Equivalent diameter term is often used to describe the size of these particles. This di-
ameter corresponds to diameter of a sphere having the same physical properties as if the
particles are irregular. Several spherical particles of equivalent diameters are currently
used include by example the optical equivalent diameter, the aerodynamic equivalent di-
ameter and the diameter by volume equivalent. According to the size of the radius r of the
particle (assumed spherical), we distinguish three classes:

• Aitken particles and ultra-fine particles (nucleation mode): these are very fine aerosols
in the size range between 0.001 and 0.1 µm, they are the core part of the condensa-
tion and formation processes of clouds and fogs.

• Fine particles (accumulation mode) are particles that belong to the size range be-
tween 0.1 and 1 µm, atmospheric aerosols of this mode are much greater in quantity
than the particles of other modes.
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• The larger particles (coarse mode) are particles whose size varies between 1 and 100
µm, the particles are essentially elementary particles, they are much less in number
than other particles and they can remain in the atmosphere in the free state only for
a limited period, in a region located in the vicinity of emission sources.

2.3 Atmospheric Channel Effects

The overall performance of free-space optical wireless systems is degraded due to the in-
fluence of various atmospheric effects on the transmission of electromagnetic waves. The
quality and availability of these links is reduced with the increase in severity and duration
of these effects. Effects of the atmosphere can be separated into pure losses and random
distortions of the transmitted optical wave. Pure losses emerge as a result of absorption
or scattering processes of the atmospheric particles and these processes are highly wave-
length dependent. Whereas, the random distortions deform the phase front of the optical
wave and this happens due to changes in the refractive index of the turbulent air as a re-
sult of temperature gradients in the atmosphere. The all electromagnetic radiations used
in any communication system are affected by the atmosphere as shown by Fig. 2.2 be-
low. Moreover, a good understanding of atmospheric phenomena such as fog, haze, mist,

Figure 2.2: Typical Spectrum of atmospheric attenuations [58]
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snow, rain and clouds and their effect on the performance of a FSO link is of great impor-
tance while designing the transmitter and the receiver of such a system. By understanding
weather parameters such as humidity, visibility range and temperature, together with the
features of an FSO system and its deployment characteristics, it is possible to model atmo-
spheric propagation.
For that reason in recent years, we find in literature a growing number of scientific publi-
cations on benchmarking and increasing the free-space optical wireless system reliability
[59, 60, 61]. However, Fog still remains a major source of concern for terrestrial FSO
systems and is considered the main mechanism of signal degradation for electromagnetic
radiations transmitted in the wavelength range of visible and infrared band. Thus, a rela-
tionship between the characteristics of fog like density and visibility range etc., and the
optical attenuations of the signal transmitted is very important, in order to predict outdoor
FSO system performance, prior to its physical installation at a particular location. In this
chapter, different empirical and theoretical expressions, which are a function of wavelength
and visibility range, are being presented that predict the atmospheric attenuation of laser
radiation in the visible and infrared wavelength range.

2.3.1 Absorption

Absorption is a factor highly dependent on transmitted wavelength and occurs as a re-
sult of the absorption of a transmitted light photon by the gas molecules of the terrestrial
atmosphere. The photon energy absorbed by the gas molecule raises the kinetic energy
of the gas molecule. Thats the reason why absorption process is essentially responsible
for the heating of the Earth atmosphere. The theory of gaseous absorption is now fairly
well-developed and well-understood. A number of methods exist to predict optical signal
attenuations by atmospheric absorption over a wide range of frequencies with good accu-
racy.
We distinguish absorption process from the following three processes:

• The electronic transitions due to absorption of photons whose energy is exactly
equivalent to the transition between two levels of the molecule based on rules of
the existence of quantum energy states. The electronic transitions are responsible
for the emission spectrum and absorption in the UV and visible bands.

• The transitions due to the vibration of atoms which are responsible for the emission
spectrum due to thermally heating of the H2O, CO2 etc., molecules and the absorp-
tion spectrum observed against infrared transmissions.

• The transitions due to rotation of molecules and the fine structure of vibrational
bands that results in the emission spectrum and the absorption spectrum at free-space
optical transmissions at infrared wavelengths.
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In the context of electromagnetic radiations, when atmospheric particles absorb light, this
absorption provokes a transition (or excitation) in the particle atoms (typically the elec-
trons) from a lower energy level to a higher one. Only those light photons are absorbed
that can cause electron transitions from one energy level to another. The excited electrons
come back to their original unexcited states through discrete emissions of radiation. Thats
the reason why absorption is a quantum effect (a selective phenomenon) and is a strong
function of transmission wavelength and the gases and pollutants that are present in the
atmosphere and results in relatively transparent atmospheric transmission windows, and
relatively opaque atmospheric absorption bands (called atmospheric blocking windows) as
shown in Fig. 2.4, which presents the transmittance of light through the atmosphere due
to molecular absorption for wavelengths up to 15 µm. Beer-Lambert law, as illustrated in
Fig. 2.3, relates the transmitted power P(λ ,0) with the power received P(λ ,d) at distance
d by the following relation,

Figure 2.3: Illustration of the Beer Lambert Law [15]

Tr(λ ,d) =
P(λ ,d)
P(λ ,0)

(2.17)

where λ is the transmission wavelength and Tr is the total atmospheric transmittance.
Transmittance is usually expressed as a number between 0 and 1. Sometimes, it is ex-
pressed as %Transmittance which simply means 100Tr. Beer-Lambert Law relates the
transmittance of light to absorbance by taking the negative logarithmic function, base 10,
of the transmittance observed by a sample, which results in a linear relationship as,

Absorbance = 2−Log10(Tr) (2.18)

According to Beer-Lambert law absorbance is directly proportional to the path length and
the concentration of the particles and is measured in absorbance units (Au). For example,
∼1.0Au is equal to 10% transmittance, ∼2.0Au is equal to 1% transmittance, and so on in
a logarithmic scale. The absorption spectrum is represented by the variation of the spec-
tral absorption coefficient. The nature of this spectrum is due to the variations of possible
energy levels inside the gas mass generated essentially by the electronic transitions, the vi-
brations of the gas atoms and rotations of the gas molecules. The apparent increase in the
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pressure or temperature of the gas molecules due to some possible effects tends to widen
the spectral absorption lines by excitation of new possible energy levels.

The atmospheric molecules are characterized by their index of refraction that in turn

Figure 2.4: Atmospheric propagation spectrum up to 15 µm wavelength range [56]

depends on the chemical composition of the particle. Basically this refractive index is a
combination of real and imaginary parts of the refractive index and so is a complex func-
tion. The real part of this refractive index contributes mainly towards attenuation due to
scattering phenomena whereas the imaginary part mainly contributes towards attenuation
due to absorption. The decrease in the power density of the transmitted optical beam due
to absorption process is usually named as attenuation due to absorption and the wavelength
at which most power of the propagated light beam is absorbed by a particular impurity in
free-space is usually termed as the absorption peak. Looking from the free-space optical
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wireless perspective we can categorize absorption phenomena into two regimes; molec-
ular absorption and the aerosol absorption (details given in the following sections). Fig.
2.5 shows atmospheric transmissions spectra for optical wavelengths in the near-IR spec-
tral range under clear weather conditions (e.g., visibility range > 15 km), as the near-IR
wavelength region (750 nm to 1550 nm) is the most commonly used optical wavelengths
band for commercially available FSO systems. Upon comparing Fig. 2.4 and Fig. 2.5,
in particular for near-IR wavelengths region, one can notice that there exists certain trans-
mission windows for which the attenuations are < 0.5 dB/km while the high transmission
for these wavelengths are evident through the value of transmittance that easily exceeds
a value of 0.8. Hence due to lesser absorbance by water particles for laser wavelengths
in near-IR band, the optical attenuations are significantly reduced thereby increasing the
transmittance of the signals that is exponentially related to the concentration of the aerosol
particles and the path length. This suggests that these particular wavelength bands (within
the 0.7 - 10 µm) can be exploited for use in FSO systems to avoid most of the losses due
to absorption, especially for marine or relatively humid environments.

Figure 2.5: Typical Atmospheric transmissions spectra for clear weather conditions [6]
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Molecular Absorption

Attenuation under clear-air conditions is mainly the attenuation due to the absorption by
gaseous molecules. Atmospheric absorption at specific optical wavelengths results from
the interaction between photons and atoms or molecules (N2, O2, H2, H2O, CO2, O2, etc,)
which leads to the absorption of the incident photon and an elevation of the temperature.
Although the Earth atmosphere is considered to be highly transparent for the near-infrared
and visible wavelengths yet it can cause severe absorption at ultraviolet wavelengths (be-
low 200 nm) due to O2 and O3 molecules and so can essentially block all optical transmis-
sion for wavelengths below 200 nm. The absorption in near-infrared wavelength region
occurs primarily due to water vapors which are always present even in clear weather con-
ditions. Whereas attenuation contribution of gas absorption e.g., COx and NOx, is quite
small as compared to the overall absorption caused by water molecules. But this is not
the case for long-infrared wavelength range (> 2000 nm), where gas absorption (e.g., COx
and NOx) dominates the absorption properties of the Earth atmosphere.
Usually, for wavelengths normally available for use in FSO systems (0.7− 10 µm), ap-
propriate lasers can be selected in windows of transmittance that can avoid most of the
losses due to absorption. Most of the typical commercial FSO systems operate in win-
dows around 850 nm and 1550 nm because of the reason that reliable, inexpensive and
high performance components are readily available on affordable prices as they are also
extensively used in fiber optic communications. There also exist some more transmission
windows in the transmission spectrum in the ranges between 3− 5 µm and 8− 14 µm,
but at the moment the availability of components for these wavelengths is very limited and
also are much expensive. There are a number of fundamental parameters that determine
the absorption caused by the molecular resonance and are:

• Possible energy states for each molecular species

• The probability of transition from a lower energy level Ei to a higher energy level E f

• The intensity of resonance lines

• The natural profile of each line

Following are the global transmission windows for the optical transmissions in free-space:

• From 0.4 to 1.4 µm for Visible and very near Infrared

• From 1.4 to 1.9 µm and 1.9 to 2.7 µm for Near Infrared

• From 2.7 to 4.3 µm and 4.5 to 5.2 µm for Mean Infrared

• From 8 to 14 µm for Far Infrared

• From 16 to 28 µm for Extreme Infrared
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Generally, the profile of each absorption line is modified by the Doppler Effect when the
molecules are moving with regard to the incident wave and by the collision effect due to the
interaction of the molecules. These phenomena lead to a spectral widening of the natural
line of each atmospheric molecule which can be explained in the form of the Voigt profile.
Basically, the Voigt profile is a spectral line profile in which a spectral line is broadened by
two types of mechanisms, one of which alone would produce a Gaussian profile usually
as a result of the Doppler broadening, and the other would produce a Lorentzian profile.
The general profile of the absorption line in the form of the Voigt profile is basically the
convolution of both the Lorentzian ( fl) and the Doppler profiles ( fd) and is represented
mathematically as below:

fV = fl⊗ fd (2.19)

The coefficient of molecular absorption α , for an isolated absorption line depends on the
wave number k(cm−1), pressure P (mbar) and temperature T (K). The wave number k and
wavelength λ (µm) are linked by the relationship:

k =
2π ∗10000

λ
(2.20)

The absorption coefficient is written as:

α(σ ,P,T ) = S(T ). f (σ ,P,T ) (2.21)

where S(T) is the intensity of the absorption line at a temperature T and f (σ , P, T) is its
global Voigt profile. The intensity of the absorption line is written as follows:

S(T ) = S0(
T
T0

)ξ exp[
−E
K

(
1
T
− 1

T0
)] (2.22)

Here, T0 is the normal temperature i.e., 273.15 K, S0 is the intensity of the line at T0, E is the
energy of low transition, ξ is a numerical constant whose value is 1 if the molecule is linear
and K is the Boltzmann constant 1.3806568×10−23 (JK−1). Related to the absorption line
profile, there are two cases dependent on the altitude:

• In the lower atmosphere: the widening of the line profile is then mainly due to
collision process, in which case the line profile will take the form of Lorentz:

fl(σ ,P,T ) =
δσl

π(σ −σ0)2δσl
2 (2.23)

where σ0 is the position of the absorption line and half-width at half height δσl
depends on the pressure and temperature and is written as follows:

δσl =
P
P0

(
T

T 0
)0.5

δσl
0 (2.24)

here P0 = 1013 mb and δσl
0 is the half-width at half height at P0 and T0.
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• At the high altitude: the widening of the line is due to the Doppler effect. Its profile
is given by the following relationship:

fd(σ ,T ) =
1√

πδσd
exp[−(

σ −σ0

δσd
)2] (2.25)

with

δσd =
σ0

c
(
2KT

m
)0.5 = 3.58×10−7

σ0

√
T
M

(2.26)

where c is the speed of light, M the molar mass and m is the mass per molecule.

Aerosol Absorption

Aerosols are atmospheric particles like dust, organic material, pollutants, ice, water droplets
etc. They are frequently found in the atmosphere in variable sizes from sub-micrometer to
a few tens of micrometers and these aerosols also vary in shapes from spherical to irreg-
ular geometries. In the terrestrial atmosphere they differ in distribution, components, and
profile concentration; and consequently impact the propagating laser beams in free-space
in different ways. For example, in maritime environment, the aerosols are primarily made
up of droplets of water (foam, fog, drizzle, rain), of salt crystals and various particles of
continental origin. Type and density of continental particles depend on distance and char-
acteristics of the neighboring coasts. From Mie scattering theory, the aerosol absorption
coefficient is given by:

αa(λ ) = 105
∞∫

0

Qa(
2(π)r

λ
,n′′)(π)r2n(r)dr (2.27)

with n′′ representing the imaginary part of the refractive index of the aerosol particles,
and Qa the Mie normalized absorption cross section. Mie theory allows to determine
the electromagnetic field absorbed by homogeneous spherical particles and to evaluate
absorption Qa cross sections dependent on the particles size, imaginary part of the complex
refractive index and on the incident radiation wavelength.

2.3.2 Scattering

In the context of free-space optical beam propagation, scattering is defined as the dispersal
of a beam of light particles into a range of directions as a result of its physical interactions
with the atmospheric particles. When an atmospheric particle intercepts an electromag-
netic wave, part of the wave energy is removed by the particle and re-radiated into a solid
angle centered at it. The re-radiation or scattering behavior depends on the characteristics
of the particle like size of the particle in relation to the incident wavelength, its complex
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index of refraction (especially its real part), and its isotropy (the property of molecules and
materials of having identical physical characteristics in all directions). If all these above
mentioned parameters are known, the scattering pattern of the particle can be predicted
with sufficient accuracy.
The size of the atmospheric particle defines the type of symmetry of the scattered energy
with reference to the direction of propagation of the incident light beam. We can fur-
ther subdivide the scattering process into three distinct scattering regimes, as discussed
below, on the basis of the size of particle and its interaction with the incident radiation.
If the size of the particle is equal (comparable) to the wavelength of the incident light
(λ/10 ≤ r ≤ 10λ ), the scattering by the particle presents a large forward lobe and small
side lobes that start to appear and this type of scattering is called Mie scattering. As
the size of the particle becomes smaller, the backward lobe becomes larger and the side
lobes disappear. When the size of the particle is approximately 10 percent the size of the
wavelength of the incident beam (r < λ/10), the backward lobe is symmetrical with the
forward lobe. This type of scattering is termed as Rayleigh scattering. The third type of
scattering is referred as Geometrical scattering and occurs if the size of the particle is 10
times greater than the incident wavelength (r > 10λ ). In this type of scattering some very
complex and irregular shape scattering patterns are formed as a result of incident wave-
length and atmospheric particle interaction. In general, forward scattering becomes more
significant when particle sizes exceed the incident wavelength. Fig. 2.6 shows illustration
of the re-distribution of radiation once a particle is hit by an electromagnetic wave. It is

Figure 2.6: Illustration of scattering patterns for three different scattering regimes [37]
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interesting to note that most of the light that reaches our eyes comes indirectly by means
of scattering process. Fine atmospheric particles standing in the path of free-space optical
beams abstract energy from the incident wave and re-radiate it in different directions. The
received power at a distance d from the transmitter is given by the Beer-Lambert law and
the total transmittance Equation (2.17) can be re-written as,

Tr(λ ,d) =
P(λ ,d)
P(λ ,0)

= e−γ(λ )d (2.28)

In this equation, γ(λ ) is the attenuation of the total extinction coefficient per unit of length.
This parameter is dependent on the transmission wavelength and the density of the atmo-
spheric constituents along the line of sight. From above equation, the loss L in dB that an
optical beam experiences is given by [30],

L =−10Log10Tr (2.29)

Generally, γ(λ ) is given by,

γ(λ ) = αm(λ )+αa(λ )+βm(λ )+βa(λ ) (2.30)

where αm,a(λ ) are molecular and aerosol absorption coefficients and βm,a(λ ) are molecu-
lar and aerosol scattering coefficients respectively.

Rayleigh Scattering

Rayleigh scattering refers to scattering by molecular and atmospheric gases of sizes much
less than the incident wavelength. It varies as the fourth power of the incident wave-
length with overall constant dependent on the index of refraction. The scattering by the
atmospheric gas molecules (Rayleigh scatter) contributes to the total attenuation of the
electromagnetic radiation. The expression for the molecular scattering coefficient βm(λ )
is given by:

βm(λ ) = 103 24π3

ρλ 4 [
n′(ν)2−1
n′(ν)2 +2

]2[
6+3σ

6−7σ
] (2.31)

where σ is the depolarization factor of air (σ ∼= 0.03), ρ is the polarization density of the
molecules (mol.cm−3), and n′(ν) is the real part of the refractive index of air having fre-
quency ν . The molecular composition of the atmosphere allows to obtain an approximate
value of βm(λ ),

βm(λ ) =
A
λ 4 (2.32)

where
A(km−1

µm4) = 1.09×10−3(
PT0

T P0
) (2.33)
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Here P(mbar) is the atmospheric pressure and P0 = 1013 mbar, and T(K) is the atmospheric
temperature and T0 = 273.15 K. As an example, for a wavelength λ = 8µm, atmospheric
pressure P = 1013 mbar and temperature of T = 300K, the value of molecular scattering
coefficient βm(λ ) ≈ 2.47× 10−7(km−1). Under the same atmospheric conditions for a
wavelength of λ = 550nm, the value of molecular scattering coefficient becomes βm(λ )≈
10−3(km−1). It can be inferred that the molecular scattering is negligible for infrared
wavelengths and the Rayleigh scattering is relevant primarily for the ultraviolet to the
visible region of the electromagnetic spectrum.

Mie Scattering

The determination of the properties and optical characteristics of atmospheric aerosols as
well as clouds and fog requires a good understanding of the interaction of light with par-
ticles. The theory of electromagnetism (arrived at its maturity in the late 19th century)
provides a standard treatment for simple cases, namely the interaction of spherical, homo-
geneous and isotropic light particle with the propagating light beam. This specific case was
treated by Gustav Mie [62]. It should be noted that scattering and absorption are dynamic,
local phenomena and tend to vary widely from location to location in severity.
Scattering caused by relatively larger size particles of fog, rain, snow and clouds etc., is
classified as Mie scattering. Mie theory best describes the scattering phenomena by aerosol
particles of sizes comparable to the incident wavelength. For practical purposes, optical
losses due to Rayleigh scattering are considered almost negligible when compared to losses
due to Mie scattering in the wavelength range 0.5 µm to 2 µm. Generally, according to the
Mie theory, the aerosols scattering coefficient depends on the particle concentration, size
distribution, cross-section, and incident radiation wavelength. Basically, Mie theory is an
analytical approach to describe the propagation of light in the scattering medium by com-
bining processes of scattering and absorption variations. The calculated parameters such
as scattering cross sections and absorption can characterize the properties of scattering and
absorption of the medium for a given wavelength.
In the treatment of Mie scattering we assume that the frequencies of incident radiation are
identical and distributed. All effects involving transitions by quantum scattering centers
will not be considered. We also assume that particles are independent. This assumption
means that the scattering centers are not positioned on a structure or a specific order which
prevents the systematic phase shifts give rise to interference phenomena. In clouds, fog and
rain, we usually assume that the particles are distributed randomly in the volume studied,
or, in other word, there is no phase consistency between the fields absorbed or scattered by
individual particles. Furthermore, the concentration of droplets is generally low enough
that we can consider that particles are not coupled together. Finally, we assume that the
scattering caused by N particles is just N times l larger than the scattering caused by single
particle. The interaction of electromagnetic radiation with an absorbing sphere whose size
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is greater or equal to the wavelength is well described by Mie theory, which was partic-
ularly well presented in several references in the literature [56, 62, 63]. We employ the
Maxwell’s equations and the principle of energy conservation to determine the effective
scattering cross section, absorption and extinction and the scattering efficiency, absorp-
tion and extinction as a function of the wavelength of the radiation, the particle size and
its complex refractive index. For example, consider the free-space optical transmissions
through fog. All the fog particles actually consist of an accumulation of water spheres with
a particular drop size distribution, the effect of the individual drop must be summed over
a unit volume keeping in mind the assumptions already mentioned above. Then, from Mie
theory the aerosol scattering co-efficient βa(λ ) is given by:

βa(λ ) = 105
∞∫

0

QExt(
2(π)r

λ
,n′)(π)r2C(r)dr [km−1] (2.34)

where n′ is the real part of the refractive index of the fog particles, λ is the incident wave-
length in µm, r is the radius of fog particle in cm. The scattering efficiency QExt is defined
as the scattering cross-section normalized by the particle cross-sectional area, and C(r) is
the particle size distribution which usually is the Modified Gamma distributions. Fig. 2.7
shows a simulation of scattering efficiency of water particles as a function of fog particle
radius against 950 nm optical transmissions.

However, to simply describe the action of aerosol in the atmosphere for the free-space

Figure 2.7: Simulated scattering efficiency QExt of water particles

optical communication, it is convenient to use the following practical relationships com-
monly used to describe the scattering coefficient βa(λ ), in horizontal path with constant
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aerosol concentration:
βa(λ ) = C1λ

−δ [km−1] (2.35)

where C1 and δ are constants that depend upon the aerosol characteristics like density,
particle size distribution and λ is the wavelength of interest in µm. The constant δ is
related to the atmospheric visibility range (see Section 2.4.2) and varies from 1.0 to 1.6
(from poor visibility to clear line-of-sight). The constant C1 is related to the visual (or
meteorological) range V (in kilometers) as:

C1 =
3.91
V

(0.55)δ [km−1] (2.36)

Since the Earth atmosphere has maximum transmission at 0.55 µm wavelength, there-
fore visual range is measured at this wavelength. The scattering coefficient βa(λ ) then
becomes:

βa(λ ) =
3.91
V

(
λ

0.55
)−δ [km−1] (2.37)

Geometrical Scattering

Geometrical or Non-selective scattering applies to particle sized larger than the incident
wavelength. In this case, Mie theory is approximated by the principles of reflection, refrac-
tion and diffraction. The name non-selective refers to the fact that scattering is independent
of wavelength. Geometrical or non-selective scattering occurs in snow, hail, rain and cloud
droplets, where the size of the particles is much higher than the incident light wavelength.
Table 2.1 below summarizes scattering processes for typical atmospheric particles with
their radii λ = 850 nm.

Type Radius(µm) Size parameter (X0) Scattering process
Air Molecules 0.0001 0.00074 Rayleigh
Haze particle 0.01 - 1 0.074 - 7.4 Rayleigh - Mie
Fog droplet 1 - 20 7.4 - 147.8 Mie - Geometrical

Rain 100 - 10000 740 - 74000 Geometrical
Snow 1000 - 5000 7400 - 37000 Geometrical
Hail 5000 - 50000 37000 - 370000 Geometrical

Table 2.1: Scattering processes for most common atmospheric effects at λ = 850 nm

2.3.3 Extinction

Absorption and scattering processes are mainly responsible to the loss and redirection of
the energy of an optical beam when intercepted by suspended particles in the atmosphere.



2.3 Atmospheric Channel Effects 37

Their combined effect is termed as extinction. Actually, absorption and scattering take out
the energy from the forward propagating beam direction. Extinction process is a linear
effect in both intensity of optical radiation and in the amount of atmospheric matter, pro-
vided the physical conditions like temperature, pressure, composition etc., is held constant
[2]. Equation (2.30) represents the mathematical formula to calculate the combined losses
due to absorption and scattering processes. The optical thickness of a medium between
two points h1 and h2 is defined as:

τ0(h1,h2) =
h1∫

h2

γext,ν(ρ)dρ (2.38)

here ν is the frequency of the given optical beam and ρ defines the density (path-integrated
distribution) of atmospheric constituents along the line of sight. By knowing the optical
thickness τ0 and the optical beam initial intensity I0, the resultant reduction in the intensity
of optical beam after propagation between two points h1 and h2 is given by:

Iν = I0e−τ0 (2.39)

2.3.4 Atmospheric Turbulence or Scintillation Losses

The atmospheric temperature at a given location is never constant, it fluctuates both in the
temporal and spatial domains. This may cause deterioration in the quality of the received
signal. Fluctuations in the intensity and phase of the received signal may lead to increased
link error probability, particularly in link ranges of the order of the 1 km or over. The
fluctuation is a function of the atmospheric wind speed and the atmospheric pressure. This
small variation (0.01 to 0.1 degrees) in the air temperature brings with it, a spatial and tem-
poral variation in the refractive index of the atmospheric optical channel. The channel thus
behaves like a pathway filled with optical prisms whose sizes and refractive indices are
constantly changing. The implication of this is that, the received signal irradiance/power
fades in sympathy with the fluctuation of the temperature along the propagation path. Fig.
2.8 shows an illustration of the effect of atmospheric turbulence on the free-space optical
beam. The modeling of this irradiance fluctuation has received considerable attention in
literature with a number of models now in place to describe this phenomenon across dif-
ferent regimes [16]. Lognormal distribution has been widely used to model the probability
density function (PDF) of the irradiance and to study performance of coded free-space
optical links [65, 66] over the turbulent channel. A Lognormal channel model due to its
simplicity can only be applicable in weak turbulence conditions. Many statistical mod-
els like the K distribution, I-K distribution, and Log-normal Rician channel have been
proposed to describe atmospheric turbulence channels [67, 68]. Recently modified Rytov
theory has been used to propose a Gamma-Gamma PDF as a tractable mathematical model
for atmospheric turbulence [69, 70].
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Figure 2.8: Illustrating the atmospheric turbulence effect [64]

Physical Description of Scintillation Effect

Minute fluctuations of refractive index along the optical channel path due to random ther-
mal inhomogeneities induced by atmospheric turbulence result in the reduction of beam in-
tensity. The solar energy (turbulence energy) affects major portions of the air cells (eddies),
through unequal heating of different parts of the underlying surface, in the atmosphere of
minimum size Lo called the outer scale. Since bigger air cells are usually unstable so
they disintegrate and their energy is transferred adiabatically to the smaller air cells. The
fragmentation process continues until the size of air cell reaches a critical minimum value
called the inner scale lo and it marks the air cell size at which the drag force becomes larger
than the inertial forces. Thereafter, the air cell’s energy gets destroyed via viscous dissipa-
tion, and the air cells lose their identities. Fig. 2.9 gives an illustration of the deviation of
the optical beam under the influence of turbulent cells.
The strength of the optical turbulence has traditionally been measured by the Rytov vari-

ance σ2
1 defined by,

σ
2
1 = 1.23C2

nk
7
6 L

11
6 (2.40)

where C2
n is the refractive index structure parameter, k is the wave number and L the propa-

gation distance. Some researchers consider the worst case scenario and use the coefficient
value of 23.17 in the above equation. The constant of refractive index structure C2

n is ba-
sically a measure of the fluctuations in the refractive index, and is very sensitive to even
small scale temperature variations. C2

n typically range from 10−17m−
2
3 to 10−13m−

2
3 from

weak turbulence to strong turbulence conditions, respectively. Fig.2.10 shows the simu-
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Figure 2.9: Optical beam deviation under influence of turbulence cells [71]

lation of variation in attenuation for different strengths of the refractive index parameter.

Figure 2.10: Scintillation attenuation based on C2
n [72]
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Time Scale Description of Scintillation Effect

Generally, when an optical beam is transmitted in free-space, random fluctuations (scin-
tillations) occur in the intensity of the optical beam. These scintillations result in Slow
fading (e.g., if the coherence time is on order of 10 ms while bit period is on order of 1 ns)
of the optical signal. The length and the depth of the resultant fades have to be estimated in
order to overcome the detrimental behavior of scintillations. The coherence length of these
fluctuations ranges from few milliseconds to tens of milliseconds, justifying a frozen at-
mospheric model for high-speed communications. Usually, the fading time is much longer
than one bit duration and the data signal is affected by very slow fading [23, 48]. A slow-
fading condition may be considered and in the event of weak turbulence, the intensity of
the optical field can be modeled with Log-normal distribution. Leitgeb et. al determined a
scintillation fade of 4 dB attenuation depth with 20 ms of fade length [73]. Zhu et. al pro-
posed a detection scheme for free-space optical wireless systems [65]. In this scheme the
correlation length of intensity fluctuations, d0 is assumed greater than the receiver aperture
D0, and the receiver observation interval T0 during each bit interval is considered less than
the turbulence correlation time t0.
In a recent article [74], Shannon capacities for the free-space optical link have been pre-
sented using an accurate scintillation model based on Gamma-Gamma probability dis-
tribution model to predict the intensity fluctuations of the optical signal. This statistical
representation not only fits the channel scintillation accurately, but its parameters can be
related to the physical conditions of turbulence proposed by [67]. While [75] states "the
outcome of propagation through the medium may be modeled as the sum of many inde-
pendent complex optical fields, leading to a complex Gaussian field at the receiver" and
considers a frozen atmospheric model, with coherence length of turbulence induced inten-
sity fluctuations in the range of few to tens of milliseconds.

2.3.5 Beam Spreading and Beam Wandering

Random fluctuations in the refractive index of the Earth atmosphere are causing random
changes in the signal-carrying laser beam intensity (irradiance) called scintillations. Scat-
tering caused by atmospheric turbulence leads to the spread and increase in the radius of
a finite optical beam such that the beam spreading is beyond the spreading predicted by
diffraction and a continuous random motion of the beam centroid about the receiver. These
both effects are illustrated in Figure (2.11). These both effect causes a decrease in the mean
intensity of the beam at the receiver and could result in the random signal loss of signal at
the receiver and result in increased system bit error rate due to signal fading [2, 76]. We
can determine the beam spot radius using the small angle approximation e.g., Table 2.2
shows spot diameter values for different values of beam divergence for a link distance of 1
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km. The spot size value can be measured by the following relationship:

SpotSize(m) = Angle(milliradians)×Range(km) (2.41)

Two types of beam spread can actually be defined, one being the short-term beam spread

Divergence Range Beam Diameter
0.5 mrad 1.0 km ∼ 20.0 inches (∼ 0.5 m)
1.0 mrad 1.0 km ∼ 39.37 inches (∼ 1.0 m)
2.0 mrad 1.0 km ∼ 6.5 feet (∼ 2.0 m)

4.0 mrad (∼ 1
4 degree) 1.0 km ∼ 13.0 feet (∼ 4.0 m)

Table 2.2: Effect of beam divergence on beam spot size [24]

and the other type is the long-term beam spread, whether one considers the beam spot at
a given instant of time or the average of all its positions taken over a longer time period.
Beam spreading, long-term and short-term, is actually the spread of an optical beam as
it propagates through the atmosphere. Therefore, in this context we consider short-term

Figure 2.11: Illustrating effect of beam wandering and beam spreading [77]

beam radius and long-term beam radius, the latter being always larger. If we consider W
to be the radius of the unperturbed beam, WST the radius of the short-term beam and WLT
radius of the long-term beam or effective radius then:

W ≤WST ≤WLT (2.42)

The long-term beam is described by the effective beam radius WLT , which is given by:

WLT = W 2[1+1.625(σ2
R)6/5

Λ] (2.43)
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where σ2
R is the optical beam intensity variance. Knowing the long-term beam radius WLT

and the mean square of the short-term beam centroid radius 〈r2
C〉, short-term beam radius

can be:
WST = [W 2

LT −〈r2
C〉] (2.44)

here rC is the deviation of the short-term beam centroid from the optical axis. Whereas,
mean square of the short-term radius is given by:

〈r2
C〉= 2.87C2

n L3W−1/3
0 (2.45)

so Equation 2.44 becomes

WLT = W 2[1+1.625(σ2
R)6/5

Λ−2.87C2
n L3W−1/3

0 ] (2.46)

Beam wander arises when small turbulent whirl bigger than the beam diameter cause slow,
but large displacements of the transmitted beam. The main factor responsible for beam
wander is refracting large-scale turbulence. Beam wander can be predicted using geomet-
rical optics approximation. It is observed that narrow beams are likely to suffer more from
turbulence-induced deviation and this effect can be reduced by controlling the transmitter
beam radius W0 i.e., the radius of the collimated beam at the transmitter. Equation 2.45 is
derived from the Rytov theory and is based on phase-front statistics whose validity can be
extended even to the strong-fluctuations regime.

2.3.6 Background Radiation

The main source of background radiations affecting the optical beams at the receivers
end are Sun, Moon, planets (including Earth), scattering atmosphere. In certain situa-
tions, background radiations can significantly degrade the performance of free-space op-
tical links, like for example, if the maximum background power exceeds the information
signal power thereby disrupting the normal operation of the photo-detectors. The back-
ground radiations arrive at the optical receiver after being scattered in many ways in the
free-space atmospheric channel due to the following effects [78]:

• Specular reflections

• Scattering due to hydrometeors

• Scattering from solid objects

• Scattering by the receiver elements of the optical system

Specular reflections illuminate the receiver by highly collimated sunlight through reflec-
tions from flat surfaces like polished surfaces, window panes etc. Usually this kind of
reflections are of short duration and are dependent on the distance and the size of the re-
flecting surface and its reflectivity at the operating wavelength of the receiver. Scattering
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due to hydrometeors like fog, snow, rain and clouds etc., results in a very narrow main
power lobe in the direction of radiation propagation and this may cause severe damage
if the Sun-receiver-transmitter angle is also small. Such scattering situations may arise if
the sunlight scattering aerosol is either over the communication path but the path itself is
relatively clear or if the sunlight scattering aerosol is also within the communication path.
The third kind of situation arises if the Sun illuminated solid object having diffusely re-
flecting surfaces lie within the receiver field of view. But this kind of background effect of
radiations cannot affect the link availability appreciably. In the fourth kind of situation, the
scattered radiation power density can be estimated from the experimental data and with a
properly designed receive optical system the effects can be ignored.

2.3.7 Solar Influence

Free space optical links for high speed communications must take into account the link
degradation environmental effects that results in interference of light beams coming from
sun in the optical receiver instantaneous field of view and hence can cause link disruptions,
even with significant optical filtering. The effect of solar influences can be divided further
into two parts, namely solar background effect and direct sunlight effect. Figure (2.12)
represents a typical solar radiation spectrum. It is clearly observable from that the spectrum
of the solar radiation is close to that of a black body with a temperature of about 5800 K.
About half of the spectrum lies in the visible short-wave part, while the other half mostly
in the near-infrared part of the electromagnetic spectrum and some part also lies in the
ultraviolet region of the spectrum.

Figure 2.12: Solar radiation spectrum [79]
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Solar Background Effect

In practice, the sunlight reflections in the background can cause high amounts of signal
attenuation, if we consider uniform scattering in the atmospheric channel. Sun is a region-
radiator and the scattering of sunlight can cause reduction in the optical signal power at the
receiver. The following formula is considered in order to calculate the solar background
power [78]:

PB = B∗SR ∗ηR ∗ΩR ∗∆Bw (2.47)

where PB is the background power (W ), B the brightness (lx), SR the effective area (m2),
ηR the transmittance, ΩR the receiver field of view (sr) and ∆Bw is the bandwidth of the
receiver (nm).

Direct Sunlight

Direct sunlight has much detrimental influence on the FSO system performance. In ex-
treme cases can even cause total link outage and thus considerably affect the FSO link
availability. It is seen through experiments that direct sunlight does not cause irreversible
degradation of receiver sensors used in the FSO systems. In the simulation, this is effect is
mitigated by introducing a user defined parameter dependent on the precisely defined exact
geographical position given in degrees of latitude as well as the orientation of the FSO unit
with reference to its elevation. The sun is assumed to be located at infinitely far away dis-
tance, so an FSO unit cannot come closer to the sun, it just may change its direction. The
distance between the transmit and receive units is well known and constant (user-defined)
so the calculations are based on this parameter. Additionally the earth surface is assumed
to be plane because of the proportionally short length of FSO communications paths. The
elevation of the sun across the earth surface and the azimuth can be calculated by the use
of astronomical formulas such as [80]:

sin(θ) = sinδ sinϕ + cosδ cosϕ cos(t) (2.48)

where θ is the elevation of the sun, δ declination of the sun and ϕ geographical latitude,
all in degrees. t is the hour angle, calculated as:

t = 15∗ (12−h)

where h is the local time at moment of consideration.

2.4 Optical Wireless Channel Models

The ability to communicate between any two nodes using electromagnetic wave propa-
gation in a physical medium is highly dependent on the transmission properties of that
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environment. How far a transmit signal will reach before it eventually becomes too weak
for the detector to sense its received power is directly a function of the propagation envi-
ronment and the nature of the signal. Modeling the propagation environment properties
are essential to being able to design reliable communication systems with adequate trans-
mitting and receiving apparatus that fulfills the service objectives of the service operators.
Characterization of the different kinds of fog and corresponding attenuations with respect
to different environments, in a way, that better communication systems can be designed
which counteract these attenuations more efficiently is of prime significance. Earlier re-
search emphasized on the time domain characterization of fog attenuation, however, still
there is a need of extensive elaborations, and there is a little in the form of documentation,
recommendations and standards to estimate availability, reliability and quality of service
of terrestrial FSO links. Below is a brief summary of some approaches that were consid-
ered in the past to model the free-space optical channel to simulate or predict the optical
attenuations.

2.4.1 Deterministic Models

Due to rapid advances in computing capabilities, ray tracing techniques have become one
of the most popular methods for characterizing propagation in complicated environments.
These techniques were initially attractive because of their extremely accurate path loss
predictions in dense urban areas, undulating terrains, and maze-like indoor environments.
In order to mitigate the detrimental behavior of different weather conditions various ap-
proaches were considered to model the free-space channel attenuation effects. One such
strategy is the deterministic models for the optical wireless links. Examples are deter-
ministic model based on Mie scattering that requires microphysical information about a
certain weather effect. The second type model is based on Ray tracing technique requiring
a very complex trigonometric and geometric techniques. In short, although determinis-
tic models offer excellent accuracy and are able to provide additional parameters such as
small-scale fading or delay spread but the main disadvantage of such models is sometimes
prohibitively large computation time.

Mie Scattering Based Model

The problem of light scattering by a particle, in some cases can be solved analytically. The
exact solution to scattering of light by an isotropic and a homogeneous spherical particle
was initially given by Gustav Mie in 1908. Besides the fact that this theory is analytical,
it allows us to describe, among other things, all hydrometeors and the different types of
aerosols present in the atmosphere as spherical particles.
To apply Mie scattering theory, we assume that aerosol particles are spherical in shape
and are suspended in space while acting independently with a complex refractive index
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[63]. To calculate the expected signal attenuation over an atmospheric path, the fact that
in actual all the particles are not spherical in shape does not seem to have a large impact
on the accuracy of the results calculated using Mie scattering theory [62]. The detailed de-
scription about Mie scattering based attenuation prediction technique is already described
under Mie Scattering section above.

Ray Tracing Based Model

Deterministic propagation models for optical wireless links generally rely on ray-tracing (a
high frequency approximation method) techniques. Its not a single cohesive mathematical
technique but a collection of methods that rely on geometric optics, the uniform theory of
diffraction and other scattering mechanisms which can predict electromagnetic scattering
from objects in the propagation environment. The concept of using ray tracing modeling
technique can be found in [81, 82].
The notion of this technique is to describe optical beam propagation by different rays
that travel from the transmitting node to the receiving node and are subject to reflection,
scattering and diffraction as they interact with the objects in the propagation environments.
Since a ray tracing model tracks ray trajectories, it not only provides site-specific time
dispersion information but it is possible to predict root mean square (RMS) delay spread,
power delay profiles, angles-of-arrival, realistic mobile fading, and virtually any other
channel parameter. The computations are performed with help of the universal theory of
diffraction (UTD). In order to evaluate the accuracy of a ray tracing prediction, there are
three main areas of error to consider:

• propagation modeling errors

• kinematic errors

• database errors

Propagation modeling errors arise from the geometrical optics models considered to de-
scribe optical beam behavior. Kinematic errors (or path finding errors) are determined by
the ability of a ray tracing algorithm to find accurate radiation paths and this is the most
time-consuming part of a field-prediction. For this purpose either the ray tracing or the
ray launching algorithm is used. The database errors stem from the limitations of a nu-
merical description of the channel. The biggest drawback of this technique is, however,
large computation time and the fact that it is not accurate everywhere as it does not pro-
vide a complete and accurate calculation of the electromagnetic field at all locations in the
propagation environment.
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2.4.2 Empirical Models

Empirical models are based on observations or measurement of signal performance in real
propagation environments. Such models use predictors or specifiers that have been found
through statistical analysis and are correlated with the quantity to be predicted. The weak-
ness of many empirical models that have been put forth so far lies in the lack of proper
statistical significance testing in the propagation measurement analysis. The accuracy and
usefulness of empirical models is highly dependent on the propagation environment in
which original data for the model was gathered and on its universal applicability. These
models fundamentally use the experimentally measured data to infer a relationship be-
tween the propagation circumstances and the expected signal power levels. Since they use
statistical specifiers that are inherently non-causal, non site-specific, have no direct rela-
tionship with the quantity being measured and do not take into account the unique features
of a given propagation environment. Examples of empirical models, from the perspective
of terrestrial FSO links, are attenuation predictions based on visibility range, wavelength
dependent attenuation model and optical depth dependent models etc. The biggest advan-
tage of empirical channel models is that they are very easy to use and do not usually require
complex computations about a certain effect.

Visibility Range Dependent Models

Visibility is defined as being the distance to an object at which the image contrast drops
to a certain percentage of the original contrast of the object, equivalent to a certain trans-
mission threshold τT H over the atmospheric path. Unfortunately, two definitions for this
threshold exist, 2% and 5%. Nowadays, 5% transmission threshold is more commonly
used for example at the airports to denote the "runway visibility range" RVR [27, 83]. An-
other subjective term, the visibility range, is more commonly adopted terminology that
is used in meteorology nowadays instead of RVR, and is the actual distance at which a
person can discern an ideal dark object against the horizon sky [84]. The visibility range
terminology will be used hereafter, whenever visibility is referred. The visibility range is
technically measured at the center of sensitivity for the human eye (where the sensitivity
of the human eye is maximum), at 550 nm with a spectral band width of typically 250
nm. An international code of visibility range for different climatic conditions is given in
Appendix D (Table D.1). The Koschmieder formula relates visibility range with optical
extinctions as:

V (km) =
ln( 1

τT H
)

λ0
= [

ln(τT H)d
ln(τMEAS)

] (2.49)

The total extinction coefficient γe and visibility range are related by:

V (550nm) =
ln( 1

τT H
)

γe(550nm)
=
− ln(0.05)
γe(550nm)

=
3.0

γe(550nm)
(2.50)
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Figure 2.13: Simulating optical attenuations against visibility range [16]

Different empirical models have been proposed that relate visibility range with optical at-
tenuations. Examples are, Kim [40], Pierce [85], Kruse [86], Al-Naboulsi [87] models,
and CCIR model [58]. Fig. 2.13 provides the simulated results for the optical attenuations
corresponding to a certain visibility range values at different optical wavelengths. It can be
observed that under dense fog conditions for a visibility range of 60 m, the optical atten-
uation at 10 µm was typically half (around 125 dB/km) of that at 1.55 µm. These results
indicate that under very dense fog conditions over a 200 meter link distance, an optical
link established with a 10.6 µm system with 46 dB of link margin would still have 23 dB
of margin left when a similarly margined optical link operating at 1.55 µm system goes
down.
In order to approximate optical attenuations through a certain weather condition based on

visibility range estimate, there are two most widely used models: the Kruse model and the
Kim model both relate total extinction coefficient γe(λ ) to visibility range V . For a detail
about Kruse and Kim models along with their approximations of parameter q for differ-
ent visibility ranges, and the derivation of their model equations for the two transmission
thresholds please refer to Section 3.2.3.
Al Naboulsi [87], proposed model to predict the fog attenuation in visible and IR regions
is based on Mie theory and is built from two types of particle size distributions. He calcu-
lated the attenuation from FASCOD for various values of visibility at a given wavelength.
Then, with a linear regression technique, he approximated these values by an analytical
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expression to describe relationship between fog attenuation and visibility:

γ(λ ) =
a(λ )

V +b(λ )
(2.51)

Where a(λ ) and b(λ ) are parameters that depend on wavelength. For wavelengths located
between 690 nm to 1550 nm and visibility between 50 m and 1000 m, fog attenuation for
two types of fog (advection and radiation) can be expressed as:

γadv(λ ) =
0.11478λ +3.8367

V
(2.52)

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

V
(2.53)

Whereas, the specific attenuation coefficient is:

aspec(dB/km) =
1000
ln10

· γ(λ ) (2.54)

Since Al Naboulsi does not take into account all distributions present in nature and their
dynamic and temporal evolutions, it is essential to experimentally check the model capac-
ity to represent the fog attenuation. This model underestimates attenuation at 1550 nm in
a radiation fog, reducing visibility to 50 m.
Pierce [85] proposed that attenuation in fog should be treated as virtually wavelength in-
dependent from the visible to the near IR and a more appropriate formula is:

Γ(V ;λ ) =
κ

V
(dB/km) (2.55)

Where V is the visual range and 8.5dB < κ < 17dB. [85] concluded that the scattering
analysis shows that visibility is related more closely to near forward scattering, rather than
to attenuation.
According to Bataille [88], who used the polynomial approach to calculate the molecular
and aerosol extinction coefficients for 830 nm, 1060 nm, 1330 nm, 1540 nm, 3.820 µm,
and 10 µm laser lines as they correspond to atmospheric transmission window for which
transmission systems exist. Since his model was difficult to simulate, so this model could
not attract applicability. The specific extinction coefficient σn is obtained by:

σm =− ln(A1 +A2H +A3H2 +A4Hx +A5V−1/2

+A6V−y +A7HV−1/2 +A8(H/V )y +A9Hz/V

+A10HV−1)

(2.56)

Where V is the visibility in km, H(g/m3) is the absolute humidity, x,y,z are real numbers
used to optimize the polynomial for each studied wavelength. Their values are adjusted
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when the maximum relative error between FASCOD and the polynomial is lower than
5%. Coefficients Ai(i = 1,10) for the different studied waves. Bataille [88] showed in his
measurements that attenuation decreases with increasing the wavelength. The maritime
environment gives the most severe attenuation while the rural environment presents the
least attenuation. The CCIR formula used for calculating optical attenuation for aerosols
applies more particularly in the visible spectrum around 0.6 µm [58]:

α(dB/km) =
17
V

(2.57)

The visibility range dependent different attenuation models namely, the CCIR model,
Bataille model, Naboulsi Advection fog model, Naboulsi Radiation fog model, Kruse
model and Kim model are simulated for comparison against a transmission wavelength
of 850 nm. The visibility range values against which they are simulated extend from 50 m
to 1000 m. The corresponding plot is shown in Fig. 2.14 below. It is important to mention
here that the CCIR model simulated is equivalent to the Pierce model with value of param-
eter κ taken as 17 dB. From Fig. 2.14 it is visible through comparison that, in general, all
the mentioned models behave closely the same and there seems no special reason to prefer
one particular empirical model over the others against visibility range below 1000 m. It is
noticeable that for a visibility range region around 100 m the Kruse and Kim models de-
lineate maximum up to approx. 20 dB/km in comparison to the other models mentioned.
However, this gap in approximated attenuations narrows down linearly with the increase
of visibility range.

Figure 2.14: Simulations of visibility range dependent empirical models



2.4 Optical Wireless Channel Models 51

Wavelength Dependent Models:

The free-space propagation path has different characteristics for the different FSO scenar-
ios. These atmospheric characteristics are highly dependent on the transmission wave-
length, for example, at some wavelengths scattering is more dominant mechanism of sig-
nal power loss than the absorption phenomena [38]. Similarly, attenuation losses due to
water vapor absorption depend also on the wavelength and it is observed that longer wave-
lengths may suffer few dB of attenuation than the shorter wavelengths. Hence, selection
of a certain wavelength for a particular communication scenario is very important as it has
many important consequences. For free-space optical transmissions in the troposphere,
especially in conditions like fog, snow, rain and clouds, the atmosphere highly interacts
with the transmitted beam and hence plays a very detrimental role to the optical signal
transmissions. In terrestrial scenarios, longer wavelengths are found to perform better and
hence provide better link availability and reliability as compared to the shorter wavelengths
[16, 32]. Considering the space-space optical communication scenarios e.g., optical link
between GEO-GEO or GEO-LEO, here the free-space optical link do not suffer from at-
mospheric effects. Therefore, shorter wavelengths are found to be more suitable than the
longer wavelengths [43].
There are different methods available that confirm wavelength dependency. Analytical
model such as Mie scattering theory based fog attenuation predictions using Modified
Gamma Distribution (Equation 3.3), and empirical model based on Kruse, Kim and Al-
Naboulsi models (See for reference Section 2.4.2 and Section 3.2.3 and Fig. 2.13 for fixed
visibility range conditions).

Optical Depth Dependent Models:

Ketprom [55] considered that the optical signal experiences multiple scattering while prop-
agating through the atmosphere before being received at the receiver. He used the idea of
optical depth which indicates the thickness of fog. Optical depth generally indicates the
average number of interactions that light will incur when propagating through a multiple
scatter channel. The atmospheric transmittance (as given in Equation (2.28)) and the op-
tical depth τ0 (as defined in Equation (2.38)) are related to transmission path between h1
and h2 by the following relationship,

Tr = e−
∫ h2

h1
γ(ρ)dρ (2.58)

and

τ0 =
h2∫

h1

γ(ρ)dρ (2.59)
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The beam loss (L) in dB as given in Equation (2.29) for transmittance then can be related
to optical depth as well,

L =−10Log10Tr = 4.34τ0 (2.60)

Therefore, for an optical depth of about 0.7 the signal power loss is about 50 %, which
corresponds to a loss of 3 dB. Ketprom analyzed the OOK modulated light transmission
through dense fog by using vector radiative transfer (RT) theory, which is based on the as-
sumption of power conservation and is applicable for studying multiple scattering effects
[55]. He solved the vector RT equation for a band limited signal to obtain the specific
intensity of a received signal in the frequency domain. His results show the frequency re-
sponse of the channel, as frequency response represents the characteristics of the channel
as a function of frequency. The frequency response of the channel has the characteristics of
low pass filter while the phase of the fog channel displays nonlinear characteristics at low
frequency and is dependent on the optical depth. The Fourier transform of the frequency
response is the impulse response that characterizes the fog channel in the time domain. To
obtain the expected received signal, he convolved the impulse response with the transmit-
ted signal.

y(t) = x(t)⊗h(t)+n(t) (2.61)

Where expected received signal is y(t), is the convolution of the transmitted signal x(t)
and impulse response of the fog channel h(t) plus the additive Gaussian noise n(t).

2.4.3 Statistical Models

Statistical models give an explicit representation of the channel statistics in terms of para-
metric distributions, and are based on known probability density functions, which are also
used in the terrestrial mobile communication systems.
Analytical and empirical models have been found to have certain limitations and some-
times are not feasible to apply for a certain communication scenario due to their complex-
ity, relatively larger computation time, and over or under estimation of certain atmospheric
effect. On the other hand, physical-statistical modeling is a hybrid approach, which builds
in the advantages of both empirical and physical models while avoiding many of their dis-
advantages. Therefore statistical-dynamical model provides an alternate strategy to model
the behavior of atmospheric effect on free-space optical wireless transmissions and study
it in terms of random variables and their associated probability distributions. Physical-
statistical models derive fading distributions directly from distributions of physical pa-
rameters. The input knowledge consists of electromagnetic theory and sound physical
understanding. Hence, physical-statistical models require only simple input data such as
input distribution parameters. The environment description is entirely objective, avoiding
problems of subjective classification, and capable of high statistical accuracy. The models
are based on sound physical principles, so they are applicable over very wide parameter
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ranges, and the required computational effort can be very small. The results could be in-
ferred from the evaluation of long-term experimental data collected at selected locations
where the optical wireless links has to be installed and then appropriate FSO system could
be designed and installed that meets certain availability and reliability requirements for a
carrier grade communication technology.
On the basis of statistical evaluation of the experimental data gathered from different loca-
tions we can develop prediction models, availability models and reliability models. From
the perspective of FSO systems, the prediction model means the numerical prediction
model that uses current weather conditions as input into the mathematical models of the
atmosphere to predict the optical attenuations. The availability models generally define
the ability of FSO systems to perform their required operation under given conditions at
a stated instant of time. While reliability models express the characteristics of the FSO
system with a probability that a FSO system will perform its required operation under
given conditions for a stated period of time and guarantee that no operational interruptions
will occur during this time period. The meteorological conditions on experimental paths
can be identified by means of data obtained from a nearest weather station located near
the optical link site. The records of attenuation events caused by weather effects can be
compared then with the concurrent meteorological situation to identify the reason of the
attenuation events by processing only the strictly concurrent attenuation events with hy-
drometeor occurrences. This statistically processed data is ranked in accordance with the
individual types of hydrometeors and required first order and second order statistics like
cumulative distributions of attenuation, fade durations, certain event intensity and its dura-
tion, inter-fade duration and certain event inter-event duration statistics can be inferred.

2.5 Summary about Channel Modeling

Good knowledge of the propagation medium, its optical characteristics and the aerosol
particles present, is necessary to understand the effects of environment on the free-space
propagation of light signals in order to quantify the corresponding attenuations and losses
it will suffer in terms of energy or optical power. The effect of atmosphere on the prop-
agation of laser radiation is firstly due to its chemical composition and on the other hand
due to the presence of different types of particles or aerosols that are suspended in air. The
different weather conditions such as fog and the presence of different types of precipitation
can significantly reduce optical radiation transmission in atmospheric free-space. In this
chapter, the influence of atmosphere on the propagation of optical radiation is discussed.
This influence is reflected in terms of optical properties of the atmosphere (absorption co-
efficients and extinction) that are strongly linked to the index of refraction. The interaction
of light with molecules, that make up the atmosphere and aerosols with a theoretical per-
spective, is discussed while focusing on the absorption in general and light scattering in
particular. In addition, some detail about the optical turbulence or scintillation effect and
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its related influences is also provided. Scintillation occurs mainly due to the temperature
variations in clear sky conditions, and is of much significance for long distance ground-
space FSO links. In the last part, few analytical and empirical models are also discussed as
they identify the potential advantages and limitations of the atmospheric optical links for
certain communication application scenario. These models are discussed with reference
to optical attenuations as a function of key parameters such as radiation wavelength, the
different weather conditions etc., that come into play and influence the performance of the
FSO systems. All the discussion made under this chapter is necessary for our understand-
ing of various mechanisms of optical signal losses in the free-space atmosphere and for the
purpose of suggesting improvements in the existing optical wireless systems.



3 OPTICAL TRANSMISSIONS AND ATTENUATION
MEASUREMENT RESULTS

In order to fully exploit and utilize the advantages offered by the FSO technology and to
design fixed or mobile FSO links for terrestrial or ground-space communication scenarios,
it is necessary to understand the losses and the mechanisms of losses that affect the optical
signal transmissions through the atmospheric free-space. This chapter focuses on the dis-
cussion about the attenuation results and their possible comparison with results collected at
different locations. However, the main focus of this chapter will be discussion and analysis
of the fog attenuation measurements, but in the last section few rain and snow attenuation
events are also discussed and analyzed.

Optical Attenuation in the Presence of Precipitation

In meteorology, precipitation is a class of hydrometeors and it is any product of the con-
densation of atmospheric water vapor that is pulled down by gravity and deposited on the
Earth’s surface. The main forms of precipitation are fog, rain, snow and clouds. When an
optical beam propagates through clear sky conditions, even then some optical signal atten-
uation takes place due to the absorption by atmospheric particulates (gaseous constituents
of the atmosphere in particular Oxygen and water vapors). The presence of precipitation in
the Earth atmosphere considerably increases the amount of optical signal attenuation and
is dependent on the size of the particles, particle concentration and form, and the chemical
composition.
The terrestrial FSO links are mostly affected by low clouds, fog and snow. Fog being
the most detrimental of all effect with attenuation levels as high as 480 dB/km in dense
maritime fog environments [27], around 120 dB/km in continental fog environments [26].
Optical attenuations may easily exceed 50 dB/km in low clouds [30], while through rain
the attenuations are not that significant as heavy rain showers can cause specific attenua-
tions up to 30 dB/km at a rain rate of 150 mm/h [64]. However, measurements showed
that optical attenuations through falling dry snow can easily reach 45 dB/km [29]. This
potentially limits the achievable optical link range with very high reliability to less than
500 m during such conditions and thus requires a detailed characterization of each climatic
conditions for terrestrial FSO link of different path lengths.

55
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Atmospheric Effects Attenuation Modeling

In the recent years, there is a growing trend to investigate various possibilities of model-
ing the free-space atmospheric channel for different communication scenarios in order to
enhance the capabilities of the FSO links [16, 74, 89]. In late 90’s, when FSO started gath-
ering momentum as a potential access technology, the research mostly revolved around
studying the influence caused by fog attenuations on the terrestrial FSO links by compar-
ing fog attenuations for different wavelengths [20, 40] and proposing better models relating
visibility range to fog attenuation [85, 87]. The phenomenon of fog has been actively re-
searched for many decades but with varying interests [90, 91]. However, driven by niche
applications of FSO technology in many ground & space and fixed & mobile communica-
tion scenarios with the need of more bandwidth demands the research activity soon started
towards characterizing various atmospheric phenomena considered detrimental (like fog,
rain, snow, clouds and atmospheric turbulence) to the propagation of optical signal in free-
space [27, 29, 69, 47]. Since terrestrial FSO systems are more vulnerable to certain fog
conditions, therefore, the more focus remained on characterizing different fog conditions
for terrestrial FSO link scenarios by investigating the time-series analysis of fog attenua-
tions [92, 93, 94]. In this chapter, optical attenuation results are discussed for terrestrial
FSO links in radiation and advection fog conditions in further detail with possible compar-
ison with measurement attenuation data available from other locations. In addition, results
about optical attenuations measured in rain and dry snow conditions are also presented and
analyzed. Moreover, with ever growing demand of ground-space optical links, clouds play
a decisive role on the optical link availability. Because of the un-availability of optical at-
tenuations measured through clouds, optical attenuations are simulated for different cloud
types using predictions generated using Mie scattering theory and the prediction model
given in ITU-R P. 1622 recommendation.
The terrestrial FSO links must deal with the atmosphere just above the surface of the
earth, where it has maximum density due to the gravitational force. Atmospheric atten-
uation can be distinguished as molecular absorption, Rayleigh-scattering, and aerosol-
scattering. Molecular absorption is an effect of electron- and nucleus-resonance of at-
mospheric molecules, Rayleigh-scattering is caused by the atmospheric molecules acting
as dipole-antennas, and aerosol-scattering is caused by droplets and particles that are larger
than the wavelength that is influenced. Atmospheric attenuation of FSO systems is typ-
ically dominated by fog but can also be due to low clouds, rain, snow, dust, and various
combinations thereof. Molecular absorption may be minimized by appropriate selection
of the optical wavelength.
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3.1 Experimental Setups

In this section experimental setups of terrestrial FSO links installed at Graz, Milan and
Prague (in continental fog conditions) and La Turbie, Nice (in dense maritime fog condi-
tions) are discussed. The mission of these attenuation measurement campaigns at different
locations was to study the influence of fog on the optical signals transmitted in the atmo-
spheric free-space channel. However, during these campaigns few rain and snow events
also occurred at Graz, Milan and Prague on these FSO links, the attenuation results will be
discussed in the appropriate sections to follow.

3.1.1 Experimental Setup at Graz, Austria

Graz provides dynamic weather conditions with thunderstorms in summer; heavy fogs at
the end of autumn; frequent drizzle, storm, snow and haze in winters. The longest mea-
surements campaign at the continental city of Graz started on 29th September, 2005 and
continued until 1st March 2006. The considered data span over 156 days and 21 major
fog events were measured during this period each having life span of at least half hour.
The latest attenuation measurement campaign started at the end of September 2009 and is
continuing till to-date. The purpose of this latest campaign is to analyze the behavior of
measured fog attenuations with respect to variations in fog density. In order to measure
fog density, temperature and relative humidity a fog sensor device is built by colleagues
of Budapest University of Technology and Economics and is installed next to the receiver
terminal.
In Graz, two independent links were established between the University buildings, a shorter
one operating over 79.8 m free air distance, and a longer one operating over 800 m free
air distance. The shorter link allows measurements of specific attenuation as high as 310
dB/km. For optical impressions, a Webcam in addition, takes pictures every minute. The
operating temperature for the systems was maintained at a constant level by using small
heating devices inside the system to reduce any temperature influences on the receiver
diode. Thus, it was ensured that the system was stable against any thermal drift. The FSO
transceivers installed at Graz are a self-developed system and is basically it consists of an
optical transmitter and receiver system, each equipped in a waterproof housing mounted
on a tripod with mechanical options for alignment.
In the transmitter, two independent LED-based light sources and optical systems are im-
plemented. One is operating at 850 nm center wavelength and 50 nm spectral width at
a full angle beam divergence of 2.4 degrees, the second one is operating at 950 nm cen-
ter wavelength and 30 nm spectral width at a beam divergence of 0.8 degrees. The same
transmitter optics for 850 and 950 nm have been used, but with different light sources
having different active (light emitting) areas. This results in different divergence angles.
To have approximately the same power for both wavelengths at the receiver, only 1 LED



58 3 Optical Transmissions and Attenuation Measurement Results

(L7558-01) at 850 nm is used which emits about 8 mW average optical power in total,
however, the average emitted power after the lens is about 3.5 mW, the rest being radiated
in a wider angle. For the 950 nm wavelength, 4 LEDs (SHF495P) are used each emitting
1 mW to produce the same average power at the receiver. Thus, for both the wavelengths,
the average received optical power after a distance of 30 m is -17 dBm.
Each light source is 100 percent Amplitude-shift keying (ASK) modulated by the driver
electronics circuit with an individual carrier frequency provided by a crystal oscillator.
ASK is a form of modulation that represents transmitted digital data as variations in the
amplitude of a carrier wave such that the amplitude of the carrier signal varies in accor-
dance with the bit stream (modulating signal) by keeping frequency and phase constant.
Basically, all optical digital transmission systems use this modulation scheme on the phys-
ical layer (with very few exceptions). A square-wave with 50 percent duty cycle is used to
switch the light source on and off. The square wave can be produced easily with typical
FSO transmitter drivers and the receive band-pass filters cut away any higher order har-
monics.
For the system 6 MHz is used for the 950 nm light source and 5.5 MHz for the 850 nm light
source. This allows associating the received power of each optical wavelength with the sig-
nal strength of a modulation frequency. The choice of the receiver filters was motivated by
two factors, firstly, to utilize frequencies which appear in most type of data transmission
(1- 10 MHz range), and secondly, on the availability of ceramic bandpass filters. Crystal
resonators were chosen for the transmitter, at 6 MHz (commercially available) and at 5.5
MHz (self designed) with very similar characteristics to avoid any modulation frequency
dependent attenuation effect. Accordingly, the receiver consists of a single optical sys-
tem of 98 mm lens diameter with 1.7 degrees full acceptance angle for both wavelengths
without optical bandpass filter, a Si-photo-PIN-diode (SFH203FA) with a spectral range
of 800 to 1000 nm, a trans-impedance amplifier followed by an RF gain stage and then the
modulation carrier frequencies are separated by electrical bandpass filters, rectified and
decoupled by a DC amplifier. The resulting DC output voltages correspond to the optical
power received from each of the two optical wavelengths. To record the measurement data,
a conventional computer with an A/D conversion card (National Instruments PCI-6023E)
operating under LabView software is used. The card operates at a maximum of 200 kilo-
samples per second and is a 12-bit, 16-input analog-to-digital converter. The measured DC
voltage value of every channel is stored as a time series in a table.
Among the advantages of this RF Marker transmission measurement concept compared to
systems using non modulated light and optical bandpass filters at the receiver is the point
that the same optical system and front end is used for two (or in principle for a number
of) optical wavelengths and so - except for chromatic aberration (which may be neglected)
- to have equal optical properties for the wavelengths, it allows excellent suppression of
ambient light and it allows to measure light transmission under similar conditions as used
by FSO systems which also operate by on-off-keying to modulate the light. Due to the
fact, that optical filters can be replaced by filters in the electrical domain, the system can
be built quite cost effective, which may allow a wider range of applications.
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Before any practical fog measurement was performed, the system was calibrated in the lab
to determine the relation between the received optical power and the output DC voltage
level. The crosstalk between the two wavelength channels was found to be sufficiently
low (less than 0.01 Volts DC for all measured points) in the linear range of the input stage
amplifier, resulting in a maximal output change of 0.19 dB(opt) for both channels in case
of 25 dB difference in the input power. Non modulated ambient light up to 0.1 mW (more
than the maximum daylight receiving power for this system) is completely suppressed,
resulting in output power change of less than 0.005 dB(opt). The dynamic range of the
system exceeds 25 dB(opt) for each of the two channels and is limited mostly by the reso-
lution of the data logger and the DC amplifier offset.
For the measurement campaigns, the link distance was selected carefully as a compromise
between accuracy and allowable attenuation range, depending on the expected maximum
fog attenuation. The FSO link at Graz for a link distance of 79.8 meters allowed specific
attenuation measurement up to 310 dB/km. The data was processed and evaluated after
the measurement in MATLAB, resulting in the diagrams shown in the following sections.
With the aim to measure and characterize fog, the measurement campaigns were carried
out consecutively for 2 years in Graz. In the winters of 2004 and 2005. The first measure-
ment campaign, which was started in late October 2004 and continued till March 2005, did
not yield any significant results because of the much less probability of fog formation that
winter. The second much more successful campaign was started on 27th September, 2005
and continued until 1st of March 2006.

3.1.2 Experimental Setup at Milan, Italy

The 319-m optical link in Milan, Italy is installed within the campus Leonardo of Politec-
nico di Milano. The experimental set-up consists of a commercial optical link Terescope
3000 formed by two identical transceivers, which can transmit both data up to 155 Mbps
and a single carrier at 785 nm. The Terescope 3000 system was manufactured by Optical
Access (now MRV). The transmitters on each side of the link are assembled in triangular
shape and use three identical and independent semiconductor laser diodes having nominal
output power of 10mW and the beam divergence is 2.5 mrad. The data are sampled every
1 s. Visual range is measured by an optical transmissiometer (Model 6100) manufactured
by Belfort Instrument while the meteorological quantities (temperature, relative humidity,
solar radiation, rain rate etc.) are measured by a weather station manufactured by Davis.
The visual range meter and the weather station are placed near one of the two terminals of
the optical link. Almost continuously from 2003 to 2006, this set-up has been collecting
data.
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3.1.3 Experimental Setup at Prague, Czech Republic

At Prague, Czech Republic the experimental FSO link operates at 850 nm wavelength on
a channel length of about 850 m. Transmitted power of this FSO system is +16 dBm,
divergence angle is 9 mrad, receiver aperture is 515 cm2 and the recording fade margin
is about 20 dB. Optical calibration was performed before deploying the device. The cali-
brated Received Signal Strength Indicator (RSSI) signal of the FSO link has been recorded
continuously on a PC hard disc. The relative received signal level was derived from the
RSSI signal and processed statistically. All attenuation events were classified according to
the meteorological conditions causing the corresponding attenuation event.
The meteorological conditions were recorded using a BW video camera images of the
space between the transmitter site and the receiver site. The data obtained from an auto-
matic meteorological station located near the receiver site. The automatic meteorological
station is equipped by VAISALA sensors for measurement of temperature, humidity and
pressure of air, velocity and direction of wind, and 2 tipping-bucket raingauges with differ-
ing collecting areas for the measurement of rain intensities. VAISALA PWD11 equipment
is used for the visibility measurement. Meteorological conditions during fading events
have been recorded.

3.1.4 Experimental Setup at Nice, France

The measurement setup in France consisted of a transmissiometer to measure visibility at
550 nm center wavelength, an infrared link for transmission measurement at 850 and 950
nm and a PC based data logger to record the measured data. In addition, temperature,
humidity, and ambient light were recorded in longer time intervals. It is important to
mention that the same FSO link equipment was used at Nice as that used at Graz. For
the two measurement campaigns (Graz and Nice), the link distance was selected carefully
as a compromise between accuracy and allowable attenuation range, depending on the
expected maximum fog attenuation. Provided a dynamic range of 25 dB for the system at
each wavelength, at La Turbie, Nice a link distance of 28.3 m did allow measuring specific
attenuation of up to 880 dB/km.

3.2 Fog Attenuation

To assess the availability and reliability of FSO links in the troposphere for different fog
conditions, the two broad classes of models can be envisaged to estimate fog attenuation,

• Microphysical models, that require the knowledge of the structure of fog and of the
scattering properties of fog particles [55, 63]
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• Empirical methods, based on the conversion of some easy-to-measure atmospheric
parameter, as visibility range, into optical attenuation

In the following discussion it is assumed that fog intensity is uniform all along the entire
transmission path. As far as optical transmission through fog is considered, scattering
prevails over absorption, because the refractive index of water has a negligible imaginary
part. In principle, the attenuation measurements allow us to find the size and distribution
of the sizes of particles present per unit volume, their shape and orientation, and their
chemical composition. In case if we know the physical properties like refractive index,
we may find the Mie extinction or scattering cross-section. Because scattering is the main
mechanism of the optical signal loss in case of terrestrial FSO links, the type of scattering
governed by the optical signal interactions with smog, smoke, mist, haze and fog droplets
is the Mie scattering.
With Mie scattering the angular intensity distribution becomes more complex with more
energy transmitted in the forward direction. It is interesting to analyze in more detail the
effect of temperature variations on the complex refractive index and complex permittivity
of water as these two parameters affect Mie scattering calculations. The complex refractive
index and complex permittivity were calculated using the method provided by P. S. Ray
[95] and are plotted for wavelengths up to 10 µm in Fig. 3.1 and Fig. 3.2, respectively.
The real part of the complex refractive index corresponds to scattering while the imaginary
part corresponds to absorption.
There are no appreciable variations in the complex refractive index, indicating negligible

Figure 3.1: Complex refractive index of water for three different temperatures [96]
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attenuation by absorption effect. This justifies the assumption that for optical transmission
through fog, the losses due to absorption can be ignored as compared to the scattering loss.
The refractive index is insensitive both to temperature variations (from -19 ◦C to +19 ◦C)
and to wavelength variations (from 0.550 µm to 10 µm), its real part changing from 1.330
to 1.342. We recall that temperature remains almost stable during a fog event and that fog
keeps the temperature of the surrounding air steady since its main constituent is a liquid
water droplet, which has an high specific heat capacity (i.e. the amount of heat per unit
mass required to raise the temperature by one degree Celsius). The complex permittivity
is also computed for a temperature ranging from -19 ◦C to +19 ◦C (Fig. 3.2). There are no
significant changes in its real and imaginary parts for wavelengths up to 10 µm. The real
part of the complex permittivity is comprised between 5.3272 and 5.359.

Figure 3.2: Complex permittivity of water for different temperatures [96]

3.2.1 Optical Scattering - Multiple Scattering based Model

In order to calculate extinction of the optical signal only, multiple scattering effect can
improve the transmission of the signal but cannot make it more severe. Since it is assumed
that all the energy that is scattered out of the transmitted optical beam is permanently lost
when the total extinction cross-section is calculated. But when multiple scattering effects
are considered then such consideration allows to recover back that lost energy into the
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receiver’s field of view through available computational methods. It is possible though that
multiple scattering may either retain the same wavelength dependence like single scattering
or may further refine it out. Hence if multiple scattering even occurs to some extent in the
atmosphere in the presence of fog conditions particularly, then it will not change much
the resulting attenuations as observed in case of single scattering assumptions [85]. In
actual, the calculations of optical attenuations considering multiple scattering effects yield
attenuation values that are lower than those attenuation values that assume single scattering
[12].
If individual fog particles don’t have a high forward scattering efficiency and their number
concentration is low enough, path attenuation through fog can be calculated through the
single scattering theory, which assumes that the energy absorbed or scattered by a particle
is definitely lost. However, if this is not the case, the contribution of scattered light to the
amount of energy transmitted through the medium cannot be neglected. Multiple scattering
is governed by the radiative transfer equation, which descends from energy conservation.
At very dense concentration (the volume occupied by particles should be much larger that
1% of the total volume), the diffusion approximation describes well the process in terms
of a random walk of the photons in the medium.
No experimental evidence of multiple scattering effects has been found in the case of
optical transmission through moderate fog [97]. Simulations based on a model of random
walk of photons through the atmosphere [98] show that in the case of thick fog (visibility
range less than 250 m), the path attenuation in the first optical window is a few percent
smaller (on a dB scale) than the one predicted by a single scattering model.

3.2.2 Optical Scattering - Single Scattering based Microphysical Model

Fog attenuations can be predicted based on method given by Mie scattering theory based
on microphysical parameters of fog particle such as DSD. In order to apply Mie scattering
towards prediction of optical attenuations for fog conditions, following assumptions are
made that does not seem to have a large impact on the accuracy of the results calculated
[62, 63],

• The scattered light has the same wavelength as of the incident light

• The fog particles are spherical in shape and are acting independently with a complex
refractive index in free-space

• Only single scattering takes place and the multiple scattering effects are negligible

If individual particles don’t have a high forward scattering efficiency and their number
concentration is low enough, path attenuation can be calculated through the single scatter-
ing theory, which assumes that the energy absorbed or scattered by a particle is definitely
lost. However, if this is not the case, the contribution of scattered light to the amount of
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energy transmitted through the medium cannot be neglected. If γ is the attenuation of the
total extinction coefficient per unit length then it can be represented in the form as,

γ(λ ) = αa(λ )+αm(λ )+βa(λ )+βm(λ ) (3.1)

Where αm and αa are the molecular gas and aerosol absorption coefficients; βm and βa
are the molecular gas and aerosol scattering coefficients, respectively. While calculating
the contributions towards overall fog attenuation, the attenuations introduced by molecular
gas scattering and absorption coefficients, and aerosol absorption coefficients can be ig-
nored when compared with the attenuation contribution by fog droplets (aerosol scattering
coefficient), so:

γ(λ )∼= βa(λ ) (3.2)

or,

γ(λ )∼= βa(λ ) = 105
∞∫

0

Qd(
2(π)r

λ
,n′)πr2C(r)dr [km−1] (3.3)

Here, γ(λ ) is the specific attenuation measured in dB/km calculated by summing up the
attenuation effect of all individual fog droplets present per unit volume per unit of radius
increment. n’ is the real part of the complex refractive index of the fog particles and Qd
is the normalized Mie scattering cross-section and the factor πr2 is introduced here for
denormalizing with respect to the geometrical cross-sectional area of the fog droplets. In
Fig. 3.3, modified gamma drop size distribution (hereafter MGDSD) profiles for moderate
and dense continental as well as maritime fog conditions are plotted. The corresponding
MGDSD parameters of continental fog only are listed in Table 3.1 [99, 100]. The pa-
rameters Nr and LWC in Table 3.1 show the fog droplets number density and the liquid
water content, respectively. Whereas, m, N0 and Λ are the three parameters of MGDSD
representing shape parameter, the intercept or the normalization constant and the slope or
gradient of the fog particles DSD, respectively.
Fig. 3.4 shows the specific attenuation for selected wavelengths at 10 ◦C using Equation

Fog Type m N0 Λ Nr LWC γ

cm−3 g/m3 dB/km
Moderate Continental 6 607.5 3 20 0.016 37.66

Dense Continental 6 2.37 1.5 100 0.063 124.82

Table 3.1: Standard values of modified gamma distribution parameters for continental fog
conditions [99]

(3.3) for moderate continental fog. There are slight indications of wavelength dependent
attenuation for optical links under continental fog conditions i.e., at longer wavelengths
the attenuations are smaller when compared with shorter wavelengths.
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Figure 3.3: Modified gamma DSD for different fog conditions [101]

Figure 3.4: Predicted specific attenuation at 10 ◦C [101]

3.2.3 Visual Range based Empirical Model to Predict Fog Attenuations

With the exception of the magnitude of visibility range, the physical properties of fog
are not commonly measured while installing terrestrial FSO link. The visibility range
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parameter has long been used to quantify the effect of particles in the atmosphere (fog and
aerosols) on the transmission of optical waves, visible and near-infrared 2.5 µm. Indeed,
in this area of the spectrum, the attenuation coefficient is approximated by the scattering
coefficient of particles in the atmosphere since [102],

• Scattering by atmospheric molecules (Rayleigh scattering) is negligible,

• Absorption by aerosols or fog particles is negligible because the imaginary part of
refractive index of these particles is very weak in this area of the spectrum.

To determine the optical contrast, consider the example of the following object (Fig. 3.5),
Viewing this object from a distance z, under "perfectly clear" conditions, the contrast can

Figure 3.5: Example of object used to measure the optical contrast

be defined in terms of apparent irradiance from dark and bright patch. If the irradiance for
the dark and bright patches are Ib(z) for the black and Iw(z) for the white part, respectively,
then the contrast at distance z is given by [85],

C(z) =
Iw(z)− Ib(z)

Ib(z)
(3.4)

Considering distance z to be very large, in that case Iw(z)≥ Ib(z) so that the optical contrast
C(z) is necessarily a number between 0 and infinity. At a distance z = 0, the above equation
becomes,

C(0) =
Iw(0)− Ib(0)

Ib(0)
=

Iw− Ib

Ib
(3.5)

Then by dividing the above two equations we have,

C(z)
C(0)

=
Iw(z)− Ib(z)

Ib(z)
× Ib(0)

Iw(0)− Ib(0)
(3.6)

Then according to the definition of visibility range, if the C(z)/C(0) = 2%, then Z = V.
Assuming the irradiance of the black patch Ib as compared to the white patch Iw, then
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above equation becomes,
C(z)
C(0)

=
Iw(z)

Iw
(3.7)

On the other hand we know that,

Iw(z) = Iw(0)exp[−βV z] (3.8)

Where βV is the optical attenuations scattering coefficient due to aerosols in the visible
spectrum. Indeed, it is in a transmission window implying that molecular absorption is
negligible. It is the same for aerosol absorption since for the visible and near Infrared ra-
diations, the imaginary part of refractive index of particles in the atmosphere is negligible.
For z = V we can write,

C(z = V )
C(0)

=
Iw(z = V )

Iw
= exp[−βVV ] = 0.02 (3.9)

or,
βVV =− ln(0.02) = 3.912 (3.10)

or in terms of decibel units, Equation (3.8) becomes,

Iw(z) = Iw10−γz/10 (3.11)

and hence finally we get,

γ =−10log(0.02)
V

=
17
V

(3.12)

Based on the qualitative approach, Kruse empirically established changes in the overall
scattering coefficient similar to that of aerosols outside the strict visible spectrum, espe-
cially in the near infrared, from the following empirical formula [62, 102],

β (λ ) = C1λ
−q +C2λ

−4 (3.13)

Here C1 and C2 are the constants determined by the concentration of aerosols and the
distribution of their sizes. The first term on the right side of Equation (3.13) corresponds
to scattering by aerosols, while the second term corresponds to the Rayleigh scattering that
becomes negligible as compared to the first term for λ ≥ 0.4µm . Thus the Equation (3.13)
becomes,

β (λ )' βa(λ ) = C1λ
−q (3.14)

For a wavelength λ = 0.55µm, the above equation becomes,

β (0.55µm)' βa(0.55µm) = βV = C1(0.55µm)−q (3.15)

Considering a contrast ratio or transmission threshold τT H = 2% for wavelengths (λ ) be-
tween 0.4 µm to 2.5µm, the final equation for the extinction coefficient thus becomes
[12],

γ(V,λ ) =
17
V

[
λ

550
]−q [dB/km] (3.16)
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and for a 5% transmittance threshold the extinction coefficient is given by,

γ(V,λ ) =
13
V

[
λ

550
]−q [dB/km] (3.17)

In Equations (3.16) and (3.17), V is the visual range in km, λ is the transmission wave-
length in nm, γ is the total extinction coefficient and q is the size distribution coefficient
of scattering. The wavelength dependency in this expression is given by "q" parameter,
which was proposed by Kruse [86] as,

q =


1.6 if V > 50 km
1.3 if 6 km < V < 50 km
0.585V

1
3 if V < 6 km

Kruse relation predicts lesser attenuation for longer wavelengths and fails to correctly es-
timate the atmospheric attenuation for visibility below 1 km (high attenuation conditions).
Indeed, the visibility parameter is easily measured and stored from weather stations or
airports, allowing a geo-local assessment of performance of these FSO systems from the
variation of this parameter. From Equations (3.16) or (3.17), depending upon the trans-
mission contrast with Kruse approximations of visibility range values, it is obvious that
irrespective of any weather conditions use of longer wavelengths for transmissions incur
lesser atmospheric attenuations. This implies that future FSO systems be developed that
operate preferably at longer wavelengths like at 1550 nm or at 10 µm [103, 104, 105].
However, there is a serious drawback of Kruse approximations which, although, hold well
for clear weather conditions but fails to give the explanation for visibility ranges especially
lesser than 500 m (dense fog conditions) and thus require an extrapolation for visibilities
below 1 km. Another limitation of Kruse approximations is that it does not account for the
various types and classes of aerosols.
In the literature Mie scattering, transmission measurements and simple observations in-
dicate atmospheric attenuations are independent of the transmission wavelength and thus
allow to assign a fixed value to the parameter q for low visibility values (below 500 m), as
approximated by I. I. Kim et.al. [106]. According to Kim, the "q" parameter has following
values based on visibility range estimates,

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

One major difference between the Kruse and Kim models is that Kruse assumes a wave-
length dependency while Kim assumes wavelength independent attenuation for very low
visibility range conditions like dense fog (visibility range ≤ 500 m). That means in dense
fog conditions, FSO system operating at 1550 nm wavelength will undergo the same
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amount of optical attenuations like if operating at 690 nm or 780 nm wavelengths. More-
over, for visibility ranges ≥ 500 m the Kim and Kruse models suggest the same kind of
behavior i.e., lesser attenuations for longer wavelengths.

3.2.4 Time Series Analysis and Comparison of Measured Continental or Radiation
Fog Attenuations

Fog still remains the major hurdle in establishing high availability terrestrial FSO links
operating over long distances because of high attenuation of the optical signal transmit-
ted. The time series analysis of the fog attenuation characteristics for continental fog are
already presented and discussed based on experimental attenuation data recorded at Graz
[26, 80, 94]. The time series analysis shows that the specific attenuations inside continental
fog conditions may reach up to 150 dB/km in relatively stable fog conditions having little
changes in specific attenuation over time. In this section the results of optical transmission
measurements in Milan and in Graz, tailored to investigate the impact fog attenuation on
terrestrial FSO links are discussed and compared. shows the specific attenuation over a
scale of minutes for both Graz and Nice, the differences among the two fog types are clear,
with the maritime fog having greater attenuation and faster changes in the attenuation lev-
els.
The measurement database considered in this work consists of six winter months both
for Graz and Milan but in different years. Fig. 3.6(a) - (c) show the profiles of visual
range, laser attenuation and the differences in specific attenuation during a fog event that
occurred at Milan on 11th and 12th January 2005, respectively. In Fig. 3.6(b), two profiles
are shown: the measured laser attenuation (red curve) and the attenuation as estimated
from visual range (blue curve). The system goes into outage every time the measured at-
tenuation exceeds the allowable dynamic range for atmospheric losses; the dynamic range
of the receiver is 21 dB (∼ 66 dB/km). The optical attenuation, as estimated from visual
range through the Kim and Kruse models, as discussed in the previous section, Fig. 3.6(b),
has a maximum value of 154.13 dB/km, while its median value is 34.55 dB/km, nearly
equal to the median value found for the sequence of measured specific attenuation (34.98
dB/km).

Indeed, if we compare the two time profiles in Fig. 3.6(b), we see that there is a good
agreement between measurements and estimates except in the case of the peak attenuation
in the morning of 12th January, when the estimated values are much higher (this behav-
ior could be ascribed to the sharpness of visual range decrease that may be a symptom of
non-uniform visual range conditions along the path. In fact, during this short event the
two curves have a similar profile, but the measured attenuation curve is slightly delayed
in time) [96]. Fig. 3.7(a) - (b) are relative to a heavy fog event that occurred in Graz on
2nd February 2006 showing the time series profile of optical attenuations at 850 nm and
950 nm and the corresponding changes in attenuations at 950 nm, respectively. The peak,
mean and median values of specific attenuation, derived from actual measurements made
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Figure 3.6: Time series profiles of a fog event at Milan, Italy

by the transmissiometer, are 224, 130 and 80.24 dB/km, respectively.
These are the largest attenuation values measured during the experimental campaign. Fig.
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Figure 3.7: Time series profile of a fog event at Graz, Austria

3.6(c) and Fig. 3.7(c) show the variations in specific attenuation observed in Milan and in
Graz, as obtained by subtracting the attenuation at the nth sampling time to the one at the
(n + 1)th sampling time [96]. When attenuations are comparable in the two cases, simi-
lar values of attenuation variations were detected. During the measurement period, from
September to February, 20 events were recorded in Milan (see Table 3.2), during which

• no precipitation was detected, and

• path attenuation exceeded the value corresponding to 1 km visual range (see (7)) for
more than 30 min.

The above visual range value is conventionally used as the upper limit for fog occurrence,
according to the International Visual range Code. In seven cases, the attenuation exceeded
the dynamic range of the receiver. The value of 60 dB/km corresponds to a visual range
around 250 m, which is roughly the limit for moderate fog, lower values being associated
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with thick fog and dense fog. In about half of fog events detected in Milan, the maximum
specific attenuation exceeded 60 dB/km. On the whole, specific attenuation was in excess
of 60 dB/km during about 0.86% of the measurement time, a non-negligible value at all.
Two-year measurements showed that the above value of specific attenuation was exceeded
during 0.3% of time, confirming that the winter months are the most challenging for optical
propagation in the measurement area. A similar analysis has been carried out on Graz data,
the results of which being reported in Table 3.3. Differently from Milan, measurements in
Graz were not continuous due to limitations of data storage; hence some episodes could
not be detected during the measurement period. In Graz, only two events have maximum
specific attenuation less than 60 dB/km, while all but two have a 99% specific attenuation
above it [96].
Graz and Milan are the two continental locations and at both locations the radiation fog
frequently occurs during winter months. It is interesting to compare our attenuation results,
for the two locations, in order to get an insight into the radiation fog microphysics and its
related characteristics for the two locations as observed by the two FSO links installed.
For this purpose Fig. 3.8 shows a plot of the specific attenuation values detected in the two
sites which are compared for the median specific attenuation against the 99th percentile of
each fog event. It can be noticed that Milan moderate fog data exhibit a certain degree of
correlation between the two selected values of the attenuation distribution. On the other
side, Graz data are much more scattered: even the events that exhibit median specific
attenuation values similar as the ones in Milan have a 99th percentile spreading from 50
to more than 200 dB/km. Therefore, not only fog intensity is higher in Graz than in Milan
but also the physical process of fog formation, growth and dissipation seem to be different.
The above differences can be explained as follows. Despite Milan and Graz are located
in the same temperate area, there are two major differences that are expected to affect to
some extent measurements,

• The climate during winter is colder in Graz, where daily temperature minima are
often below 0 ◦C, while in Milan temperature rarely falls below 0 ◦C, and

• Milan is a large city and despite the measurement site is located about 3 km from the
center of the city, the microclimate is that of a dense urban area. On the other side,
Graz is a midsize town, with the optical link being located in a suburban environment
with no tall buildings and many wide open areas around.

Therefore, it is reasonable that fog episodes are heavier in Graz than in Milan [96].

3.2.5 Time Series Analysis and Comparison of Measured Maritime or Advection
Fog Attenuations

Like continental fog environment, studying the behavior of optical signal propagation in
maritime fog environment is also very important. In this section optical signal attenuation
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Figure 3.8: Median laser attenuation against attenuation at the 99th percentile as detected
in Milan and Graz during fog events

predictions and analysis of the measured attenuations in dense maritime fog conditions
is presented. Optical signal attenuations in dense maritime fog environment can be pre-
dicted to a good approximate by employing Mie scattering theory dealing single scattering
assumption and considering the MGDSD for the dense maritime fog droplets. Fig. 3.9
shows a plot of the predicted specific attenuation value for dense maritime fog at Nice,
calculated using Mie theory and standard modified gamma distribution parameters. The
plot shows no wavelength dependency for simulated wavelengths from 650 nm to 1050 nm
at 10 ◦C temperatures. Even with the change of temperature, no wavelength dependency
was found.
Dense maritime fog attenuations were measured on a very short distance FSO link (about

28.3 m) during year 2004 at Nice under COST 270 short term scientific mission. The
measured attenuation results are already presented and analyzed in detail in the literature
[27, 92] on the basis of visibility range dependent empirical models. It was observed that
dense maritime fog may reduce the FSO link distances up to 28 meters only. The observed
changes in attenuation using 950 nm wavelength, and corresponding histogram showing
the probability of changes to higher or lower attenuation levels from one second to the next
are presented in Fig. 3.10 below. This mentioned plot shows the time series of changes in
specific attenuation (left), and the histogram of changes in attenuation (right) for a dense
maritime fog event over a minute scale.
From the analysis of actual measured optical attenuations against a very dense and settled
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Figure 3.9: Predicted specific attenuation at 10 ◦C for dense maritime fog conditions

Figure 3.10: Time series profile of dense maritime fog attenuations

maritime fog event over a 28 m FSO link, we observe from the changes in attenuations and
the corresponding histogram plots that the mean specific attenuation is about 388.92 dB/km
over a minute scale. The peak attenuation value measured on a original time resolution of
1 value per second is about 760 dB/km. But when averaged over a minute scale the peak
attenuation value is about 480 dB/km. Analyzing the changes in attenuation over a second
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scale reveals that dense maritime fog attenuations have a mean of -0.0158, a variance of
1372.3, and a standard deviation of 37.0445. The observed changes occur very rapidly on
a second scale reaching up to +/- 300 dB/km, and when these changes in attenuation are
averaged over a minute scale then the value is about +/- 200 dB/km. That means even if
the mean and averaged attenuation could be compensated by the margin of the installation,
still the high variability of attenuation can cause link disruptions. As we have observed
through simulation of complex refractive index of water for different temperature that no
significant changes in the real part of complex refractive index and complex permittivity
are observed even with the temperature variation of ± 20 ◦C as can be seen in Fig. 3.1
and Fig. 3.2, above. The main reason for these sudden changes in optical attenuations can
be the influence of wind speed and direction and the inherent property of inhomogeneous
characteristics of the maritime fog.
Fig. 3.11 shows the comparison between Kim and Kruse models for changes in specific
attenuations for the same dense maritime fog event as mentioned above. The attenuation
values shown here are derived from the visibility range values recorded by the transmis-
siometer and are not the actual measured attenuation values. The visibility range values
vary from 26 m to 1000 m corresponding to this particular fog event and so are simulated
for this range to compute corresponding optical attenuations as shown in Fig. 3.11. Sta-
tistical evaluation of the computed attenuation data by this approach is known as the zero
hypothesis. The Kruse model has the mean of the histogram around 32.13 dB/km and the
variance 27.75 dB/km, while Kim model has the mean of the histogram around 7.20 dB/km
and the variance about 23.36 dB/km. Besides the mentioned spreading of the attenuation
data, even if there remains some spreading then it is quite clearly evident that for dense
maritime fog no wavelength dependency can be expected for the investigated wavelengths
between 550 and 1050 nm. In the Fig. 3.11, it is clearly evident that the Kim’s model is
more accurate and appropriate while modeling optical attenuations against dense maritime
fog conditions when visibility range is usually very limited less than few hundred meters.

3.2.6 Critical evaluation of measured attenuation results on the basis of 2 and 5
percent transmission thresholds

In the literature two different values of transmission threshold are considered to define the
visibility range; namely the 2% and 5% thresholds. Kruse et al., Kim et al., Pierce et el.
and Nebuloni et al., considered 2% threshold [86, 40, 85, 107], whereas Gebhart et al., Al
Naboulsi et al. and Kolka et al. consider 5% transmission threshold [27, 87, 83]. Accord-
ing to current definition of visibility range the value of transmission threshold is taken as
5% [94, 92, 108]. In this section, a comparison between simulated results based on 2%
and 5% thresholds for Kruse and Kim models is made and then measured fog attenuation
data is analyzed for the two mentioned thresholds. In Fig. 3.12, Kim model and Kruse
model at 2% and 5% transmission thresholds are simulated for optical wavelengths in the
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Figure 3.11: Comparing Kim(left); and Kruse models (right) for dense maritime fog

range between 550 nm to 10 µm. The plots as shown in Fig. 3.12(a, b) and Fig. 3.12(c,
d) are simulated for Kim model at 2% and 5% thresholds, respectively. In Fig. 3.12(e, f)
Kruse model is simulated for 2% and 5% thresholds. In simulations of Kim model for the
two mentioned thresholds, there is no advantage of any particular optical wavelength up to
a visibility range of 500 m. For visibility range > 500 m, however, the longer wavelength
performs much better as compared to the shorter wavelengths in terms of incurred optical
attenuations. Thats why it is preferred that for relatively long distance FSO links, longer
wavelengths be used as they provide much better mitigation against atmospheric effects.
However, by Kim model for short distance optical links having visibility range < 500 m,
there is no advantage of using any particular wavelength over the other wavelengths. Sim-
ulations of the Kruse model for 2% and 5% thresholds show that there is enough advantage
of using longer wavelengths even for short distance FSO links < 500 m. For example by
Kruse model, we may get approximately 40 dB/km (for 2% threshold), and 50 dB/km (for
5% threshold) less attenuations when employing 10 µm wavelength as compared to 1550
nm wavelength against a visibility range of about 100 m, respectively.
The Table 3.4 below shows the comparision of Kruse and Kim models at 200 m and 800

m visibility range for 850 nm, 950 nm, 1550 nm and 10 µm wavelengths. So for example,
using 10 µm wavelength against a visibility range of 800 m the optical attenuations are al-
most twice (200%) as high at 2% as they are at 5% thresholds for Kruse and Kim models.
Whereas, for a visibility range of 200 m with the same wavelength the optical attenuations
predicted are much greater i.e., approx. 270% as high as at 2% thresholds in comparison
to 5% thresholds of the both Kruse and Kim models.
Now the comparision of measured fog attenuation data (of moderate continental fog and
dense maritime fog) is being presented for both Kruse and Kim models with 2% and 5%
transmission thresholds. As already mentioned that the fog environment at Milan (Italy)
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Figure 3.12: Kruse and Kim models simulations at 2% and 5% transmission thresholds
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Figure 3.13: Comparison of predicted optical attenuations using Kim and Kruse models
for 2% and 5% thresholds at 1550 nm optical wavelength

and Prague (Czech Republic) is of moderate continental fog type, whereas that of La Tur-
bie, Nice (France) is of dense maritime fog, so we analyze this data to see whether it fits
to any particular model at a particular transmission threshold. Although a large fog atten-
uation data set for Graz (Austria) of continental fog environment is also available but the
corresponding visibility range values are missing as it was not measured in the field. In Fig.
3.14 the fog attenuation data measured at Milan on 11th Jan. 2005 was re-arranged as a
series of specific attenuation (dB/km) over visibility range . Every red dot means one mea-
sured value per minute and every plus symbol means optical attenuation value estimated
from visibility range. It is important to mention here that fog attenuation values are mea-
sured at Milan assuming Kim model for 2% transmission threshold. It is visible through
this plot that for attenuation values measured corresponding to visibility range values be-
tween 200 m - 500 m are bit more scattered as compared to those attenuation values that
correspond to visibility range between 500 m - 1000 m. This spreading between measure-
ment points and the calculated curve can be explained by considering the varying particle
size distribution in the fog over time, as the measurement data is now re-arranged and not
dependent on time any more. The visibility range values < 500 m correspond to dense fog
conditions, typically. Therefore, in such situations the particle concentration may change
very rapidly with time depending upon the wind speed and direction and hence may cause
relatively larger spread in the measured data points. The plot as shown in Fig. 3.14, the
measured data points do not seem to suggest any real reasons for preferring one empirical
model over the others. However, for visibility range values < 800 m the data points are
more centered around Kim and Kruse models with 2% transmission threshold but for vis-
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ibility range > 800 m the data points converge over Kim and Kruse models with 2% and
5% transmission thresholds.

Wavelengths Visibility Kim (2%) Kim (5%) Kruse (2%) Kruse(5%)
(nm) Range (m) dB/km dB/km dB/km dB/km
850 200 85 65 73.239 56.006
950 200 85 65 70.504 53.915

1550 200 85 65 59.632 45.601
10,000 200 85 65 31.513 24.098

850 800 18.648 14.261 16.776 12.829
950 800 18.036 17.793 15.793 12.077

1550 800 15.573 11.909 12.106 9.2574
10,000 800 8.9016 6.8071 4.3984 3.3635

Table 3.4: Comparision of attenuations at different optical wavelengths considering 2%
and 5% thresholds for a visibility range of 200 m and 800m

Figure 3.14: Milan’s measured fog attenuation data comparison using Kruse and Kim
models (left); zoom in view (right)

In Fig. 3.15, the measured attenuation data is also compared with Kim and Kruse models
with 2% and 5% transmission thresholds for the moderate continental fog event measured
on 28th Sept. 2007. The transmission threshold considered for Prague case was 5% using
Kruse model. The measured attenuation data points are marked with red stars. Here again
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large deviation between data points and the Kruse model with 5% transmission threshold
is observed for visibility range values < 400 m and it goes on decreasing with the increase
of visibility range till 1000 m. It is easily observable that the data points are more con-
centrated around Kruse model with 5% transmission threshold as compared to the other
models and so is the preferable model for the fog conditions at Prague. Moreover, the ob-
served scatter of the data points may be attributed to the varying DSD of the fog particles
with the variations in wind speed and direction and to the sensitivity of the instruments in
measuring the observed attenuations.
Fig. 3.16 shows the comparison of measured optical attenuations at 950 nm wavelength

Figure 3.15: Prague fog event attenuation data comparison with Kruse and Kim models
(left); zoom in view (right) collected at 850 nm wavelength

with Kruse and Kim models for the dense maritime fog case. The plot shows the data
points marked as red against Kruse model (left) and Kim model (right) at 5% transmis-
sion threshold. It is clearly evident that the Kim model is more suitable than the Kruse
model for measured data points against visibility range < 500 m as the data points are
more concentrated around Kim model than the Kruse model for this range. However, for
visibility range conditions > 500 m the data points seem to be more concentrated around
Kruse model than the Kim model. Therefore, Kruse model is the preferable model in dense
maritime fog conditions having visibility range > 500 m to 1000 m.
Hence, we may safely conclude that in moderate continental fog environments no partic-

ular model is preferable over the other. However, it is better to use Kim model with 5%
transmission threshold as Kim model better differentiates the visibility range conditions
< 500 m. In dense maritime fog case it was observed that at 5% transmission threshold
Kim model is more appropriate for dense fog conditions but for moderate maritime fog
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Figure 3.16: Dense maritime fog attenuations comparison using Kruse and Kim models

conditions Kruse model seems better choice.

3.2.7 Impact of Fog’s Seasonal and Diurnal Variability on Optical Transmissions

For FSO link design and installation the extreme attenuations determine the requirements
to get the acceptable link unavailability. The character of the various types of fog can be
further explained by examining the temporal distributions of fog occurrence frequencies
for each fog type. Frequencies are calculated using Equation 4.2, 4.3 and 4.4 applied to
events of each type. It is interesting to see the seasonal and diurnal behavior a particular fog
on the terrestrial FSO links. In this section, seasonal and diurnal behavior of continental
fog and dense maritime fog is evaluated from the perspective of optical signal attenuations
measured on experimental FSO links installed at Graz (continental), Milan (continental)
and Nice (maritime). This information is particularly useful in the link budget designs for
future FSO links at locations having such kind of fog environments.
For our analysis of the fog attenuation data the time series of total attenuations At is consid-
ered, which is the attenuation due to the different hydrometeors like water vapors, clouds,
fog and rain etc. If we denote the cumulative distribution of total attenuations by PAt (x) ,
which is the probability that at an arbitrary time interval t0 the total attenuation exceeds x
dB so that the optical link remains unavailable. This is given by the following relationship
(Equation 3.18),

PAt (x) = P[At(t0) > x] (3.18)
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Where x is the normalized link margin such that x=x*/L (dB/km) and its value also rep-
resents the highest value of the atmospheric attenuation, and x* is the link margin whose
upper bound is determined by the dynamical range of the receiver having a typical value
of about 30-40 dB [109]. The percent availability of the FSO links such that it fulfils the
quality of service (QoS) requirements i.e., received optical power falls below the threshold
limit of the receiver sensitivity. It can be expressed by Equation 3.19 below,

Availability = (1−P[At(x)])×100 (3.19)

When the received optical power at the receiver end falls below the sensitivity threshold
of the receiver i.e., the total atmospheric attenuations or losses are more than the link
margin of the optical link then a fade occurs. These fades can be described as short term
fades or the long term fades. Short term fades can be due to small duration optical power
interruptions at the receiver end. The causes may be atmospheric scintillations or some
object flying through the optical beam link. On the other hand the long term fades occurs
due to precipitation like rain, fog, snow etc., and their duration can be in an hour or more
than an hour.

Seasonal variations of optical attenuations

Graz has a continental fog environment and fog is a very common phenomena especially
in winter starting from September till mid of March. The longest fog attenuation mea-
surement campaign over a 80 m FSO link took place in Graz that started at the end of
September 2005 and lasted till start of March 2006 i.e., almost 5 complete months. Some
21 major fog events were recorded that had minimum duration of greater than half an hour
during this time period. Usually moderate kind of continental fog occurs in Graz but few
dense continental fog events were also recorded over the 80 m link distance showing op-
tical signal attenuations easily exceeding 100 dB/km. The frequency and persistence of
the continental fog, like most other meteorological effects, shows a marked seasonal de-
pendence. Especially, in winter the probability of occurrence of continental fog at Graz is
much higher as relative humidity reaches more than 80% and temperature remains close to
0◦C. The continental fog attenuation data of five winter months (Oct. 2005 Ű Feb. 2006),
on a 80 m FSO link installed at Graz, is plotted for CDF exceeded (%) against optical
attenuations and is given in Fig. 3.17 below [109, 110].
This plot clearly shows that the specific attenuations are comparatively higher in January

2006 as compared to the other months. Whereas October 2005 shows relatively lower val-
ues of signal attenuations since normally in October fog starts to evolve due to favorable
meteorological conditions. In the months of December and January usually the air remains
saturated enough most of the time with enough cooling such that relatively dense conti-
nental fog accumulates, as is clearly evident from this plot. In order to see the variability
of fog attenuations over this mentioned period, a contour plot is drawn of the recorded
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Figure 3.17: Monthly variation of continental fog attenuations at Graz

continental fog attenuations data measured on a second time scale. The contour plot as
given in Fig. 3.18, identifies the time intervals that have the highest and lowest values of
fog attenuation during the above mentioned campaign [109, 110].

From this contour plot, it is evident that few individual events of very dense continen-
tal fog occurred depicted by very high attenuations in dB/km. However, due to the very
random high attenuations, it is difficult to conclude any particular time slots when the fog
attenuations are particularly high. But from this plot, it is clear that especially in Octo-
ber to end of January the overall attenuations are on the higher side with attenuations in
the range of 120 dB/km-180 dB/km on a second scale. The optical signal attenuations
are comparatively lesser in September and February as compared with the other months
in winter. The possible explanation of this behavior is that usually in these months (i.e.,
winter starting months and the ending months of winter) the climatic conditions are char-
acterized by relatively lower relative humidity values around 70-80 and relatively higher
temperatures approaching 10 degrees Celsius. So there is a very high likelihood of a less
severe fog occurrence i.e, a kind of light continental fog or moderate continental fog with
visibility range most of the time well over 500 m.
Just for the sake of completion, Fig. 3.19 shows the moderate continental fog attenuations
measured over 319 m FSO link installed at Milan, Italy operating at 785 nm optical wave-
length. The measured fog attenuations for winter months (Nov. to Feb.) are compared
with optical attenuations (without fog) for summer months (May-July) in this mentioned
plot. It is clearly observable that attenuations are particularly high in winter months (in the
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Figure 3.18: Contour plot of continental fog attenuations for Graz

presence of fog conditions) than the summer months (without fog); almost twice as high
in winter than in summer months [109, 110].
For a more detailed study of seasonal variations of optical attenuations inside continen-

tal fog conditions a plot representing cumulative distribution frequency (CDF) of optical
attenuations for the FSO link installed at Milan is given in Fig. 3.20 [111]. Milan is a
big city and has an urban continental environment. The continental fog attenuation data
is of two years (i.e., Apr. 2004ŰMar. 2006) for Milan. The attenuation data is for 785
nm optical wavelength transmitted on a 319 m FSO link. The optical signal attenuations
are greater than 30 dB/km for about 1% and are greater than 60 dB/km for about 0.3% of
the yearly time. Similar attenuation behavior like Graz can be noticed for the Milan case
as the specific attenuations are highest for the month of January and are lowest in com-
parison for the month of June. Moreover, attenuations are very low in comparison from
April to September than from October to March. This suggests variable achieveability of
availability and QoS figures for terrestrial FSO link corresponding to seasonal dependence
of continental fog attenuation behavior.
In short, the temporal distribution of continental or radiation fog events, represented by

events recorded at Graz and Milan indicate that radiation fog events sparsely occur in sum-
mer (April to September) and has minimum frequency of their occurrence, but these fog
events occur quite frequently with a very high frequency in winter months (September to
end of February) (see Figs. 3.19 & 3.20) [109, 110].
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Figure 3.19: Seasonal variations of continental fog attenuations for Milan, Italy [111]

Figure 3.20: CDF of continental fog attenuation’s seasonal variation at Milan [111]
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Diurnal variations of optical attenuations

Apart from observing the seasonal dependence of continental fog attenuations and mar-
itime fog attenuations, an analysis about the optical attenuations diurnal behavior would
further reveal more interesting insights about the trend of optical attenuations. We ana-
lyze the diurnal behavior of continental fog attenuation values measured on a minute scale
recorded in Graz and Milan, and dense maritime fog attenuations recorded at Nice in for
four non-overlapping time intervals of 6 hour each i.e., 00:00-06:00, 06:00-12:00, 12:00-
18:00, and 18:00-24:00.
As evident from the contour plot of optical attenuations measured at Graz (Fig. 3.18),
normally radiation fog events tend to begin during the the night hours and especially in the
second half of the night [109, 110]. This is clearly evident during month of September.
A larger proportion of these fog events begin earlier in the night during the peak in Octo-
ber and January. But then from November till end of December, most of these fog events
begin in the second half of the night. Moreover, in October and January few very dense
fog events occur sporadically with optical attenuations reaching well over 150 dB/km on
a second scale. The duration of such very dense fog events is normally not very long and
may last up to 3-6 hours depending upon the climatic conditions and geographical loca-
tions. The behavior of optical attenuations diurnal variations in terms of CDF exceeded
(%) against optical attenuations recorded at Graz can be seen in Fig. 3.21 [109, 110]. As
can be clearly seen that major contribution of optical attenuations comes from radiation
fog occurring in the evening and night hours than in the early and late morning hours.
The optical attenuations are particularly highest during the time interval of 12-18 hours as
compared to the other three remaining six hour intervals and thus this time interval can be
termed as the worst time interval in terms of optical attenuations at Graz. Whereas, optical
attenuations are least in the time interval of 00-06 hours in comparison to the remaining
three time intervals.
Diurnal variations behavior of optical signal attenuations inside radiation fog conditions at
Milan was also investigated. The plot showing such variations for the same four non-
overlapping time intervals of 6 hour i.e., 00:00-06:00, 06:00-12:00, 12:00-18:00, and
18:00-24:00 is shown in Fig. 3.22. The data set for diurnal variations analysis for the
Milan case comprises of 2 winter months i.e., January 2006 and February 2006. The plot
shows optical attenuations reaching up to maximum 66 dB/km using 785 nm optical wave-
length. This is due to the limitation imposed by the used optical transceiver dynamic range
such that the receiver cannot detect higher values of optical attenuations than this given
limit. The maximum value of specific attenuations reached up to 154 dB/km, computed
using visibility range dependent empirical formula given by Kruse and Kim models. The
radiation fog diurnal behavior here at Milan is similar like that for the Graz case as the
optical attenuations exceeding 10 dB/km are highest for the 18-24 hour time interval then
followed by optical attenuations for the 00-06 time interval. Whereas, the attenuations are
least during the 12-18 hours time interval. Hence by analyzing the diurnal behavior of
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optical attenuations for continental or radiation fog case at two geographically separated
locations (Graz & Milan), it can be safely concluded that diurnal behavior is almost the
same and it follows the same trend for the both locations. However, the peak level of opti-
cal attenuations may vary from location to location that is dependent on the microphysics
and the vicinity of the location.

Figure 3.21: Diurnal behavior of continental fog attenuations at Graz

On a diurnal time scale, formation of advection or maritime fog takes place mostly during
nighttime hours. Especially, in summer there is a higher probability of the occurrence of
this type fog formation, right after the sunset with decreasing solar radiation in the evening,
and it is complemented by significant frequencies throughout the rest of the night. During
the night-time ground surface temperature cools down that reduces the turbulent mixing
of warmer and colder air masses and as a result a stable layer of maritime fog establishes
itself over the land surface. This cooler and less turbulent boundary layer causes an inland
propagation of the advection fog layer under the influence of an onshore push from the
remnants of the sea breeze. Contrary to the radiation fog formation trend, advection fog
formation in winter usually takes place in the middle part of the night. Whereas, during
the daytime the inland propagation of a coastal fog layer is determined by competing in-
fluences associated with solar warming of the landmass [112]. The inland advection of
maritime fog through the generation of a sea-breeze circulation is enhanced by differential
heating between the landmass and the ocean. The solar warming over land results in dis-
sipation of advection fog due to the convectively-driven mixing of warm dry air with the
advancing marine layer.
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Figure 3.22: Diurnal behavior of continental fog attenuations (left) measured at Milan

In order to observe the diurnal behavior of optical attenuations for the maritime or advec-
tion fog case, we consider optical attenuation data consisting of eight consecutive days of
summer i.e., from 24.06.2004 to 01.07.2004 recorded at La Turbie near Nice, France. The
corresponding plot showing diurnal variations of optical attenuations at Nice is shown in
Fig. 3.23 [109, 110]. The specific attenuation values shown are recorded on a seconds
time scale. The diurnal variations of optical attenuations are analyzed in four equal six
hour time intervals same like Graz and Milan cases. The plot shows the cumulative ex-
ceedance probability or CDF (%) exceeded against specific attenuations in dB/km.
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Figure 3.23: Diurnal behavior of maritime fog attenuations measured at Nice

As evident from this plot, the optical signal attenuations at Nice are highest in the 12-18
hours time interval followed by 18-24 hours time interval. Whereas, the optical attenu-
ations are significantly lower in the 06-12 hours time interval. The cumulative statistics
showing the behavior of dense maritime fog are derived from a limited samples from eight
days of attenuation measurements. Therefore, they do not necessarily represent the typical
diurnal behavior for maritime fog modeling studies.
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3.3 Rain Attenuations

The rain is formed from the water vapor in the atmosphere. It consists of drops of water,
the shape and number vary in time and space. The shape of drops depends on their size:
they may be considered as spheres to a radius of 1 mm and beyond by flattened spheroids:
ellipsoid from the revolution of an ellipse around its short axis. Usually an equivalent
radius is considered which is the sphere having the same volume when we talk about rain
droplet. Attenuation by rain is mainly due to the phenomenon of scattering as it occurs
for aerosols. For optical and infrared transmissions in free-space, the wavelength is far
below the diameter of raindrops and hence the drops cause significantly lower attenuation,
much smaller than from fog. The type of scattering due to rainfall is called non-selective or
geometrical scattering and is wavelength independent. The value of the scattering cross-
section normalized, Qd , is equal to 2 regardless of the wavelength (field of geometrical
optics). The rain droplet size cannot exceed 5.5 mm because at this limit the surface
tension that hold the rain droplet intact is weakened and the rain droplet is subdivided.
From the perspective of systems communications, rain is characterized by a statistical
description of the perturbations induced by hydrometeors on a route determined in space
and time. The intensity of rain (R) measured in mm/h, is the basic parameter used to
describe the rain, locally. Its measurement is made either directly on the ground through
rain gauges or similar devices whose integration time is recommended for a minute or
indirectly by means of weather radar. These both techniques are particularly well suited to
analyze the structure of the rain. There are two types of rain:

• The extended or stratiform rainfall have large spatial extent (hundreds kilometers),
duration at a given location is long up to several hours and intensity is moderate
(less than a few mm/h). The intensity of rain there is, however, not uniform, even if
the spatial variation is small. Radar measurements show consistency vertical to the
isotherm 0 ◦C.

• The convective rainfall, generally associated with frontal are of limited spatial exten-
sion, duration is usually short-term (minutes) but can be very intensive. The thunder
storm events are an example of this type rain. The "horizontal" variability of the
intensity of rain is very strong. There is the presence of isolated areas of very high
intensity (> 100 mm/h) is commonly called "Rain cells, whose characteristic size
can range from 500 m to 10 km for "supercells". The knowledge of the size of these
cells is obviously critical for the attenuation calculations.

In addition to the spatial distribution, knowledge of the occurrence is necessary to complete
modeling of rain. The probability of exceedance, often expressed as a percentage, is the
probability that a level of intensity R is exceeded or equaled. For example if the probability
of overflow is 0.1%, this means that the intensity will be exceeded for R 0.012 months
per year i.e., approximately 8 hours. Global maps of rain intensity exceeded for a given
percentage of the year average can be found in ITU Recommendation [113].
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3.3.1 Prediction of Rain Attenuations

The first model is an empirical model that relates visibility range with the optical attenua-
tions due to rainfall [114]. Since rainfall also impairs visibility range, therefore visibility
range parameter can be used to predict optical signal attenuations, irrespective of the type
of rain, to a good approximation. Atlas gave the following relationship between visibility
range (V) and light attenuation (γ) in rain,

γrain =
2.9
V

(3.20)

The second model is a microphysical model based on rain droplet size distribution. The
amount of optical signal attenuation not only depends on the size and number of the rain
droplets that intercept the path of the radiation but also on the rainfall rate [37, 114]. The
optical attenuation linearly increases with rainfall rate, whereas, the mean of the raindrop
sizes increases with the rainfall rate. The expression of scattering coefficient by rain is
given by,

γrain =
∞∫

0

2πr2C(r)dr (3.21)

where C(r) is the rain droplet size distribution (characterized by the equivalent radius).
This distribution results from complex processes such as coalescence or bursting. The most
commonly used empirical distribution is the Marshall and Palmer Distribution (distribution
M-P) [115],

C(r) = 2N0exp(−2rγ) (3.22)

Where,
γ = αR−0.21 (3.23)

Here R is the rainfall intensity in mm/h, α is a constant that has a value of 4.1, while γ

(mm−1)and N0 = 8000 mm−1m−3 are the experimentally determined constant that depend
on the type of rain under study. When the size of irregularities due to precipitation be-
comes significant compared to the wavelength, the optical signal will be attenuated by the
phenomena of reflection and refraction. The attenuation Arain (dB/km) is independent of
the wavelength and is a function of rainfall intensity R (mm/h) according to the following
equation,

Arain = aRb (3.24)

where a = 0.365 and b = 0.63. This last expression shows that for the visible and the
infrared waves the extinction is independent of the wavelength. In 1968 Joss et al. have
proposed a new coefficient of extinction by rain with parameters N0, which vary depending
on the type of rain studied, which lead to another expressions of the extinction coefficient
[116]. Indeed, the M-P distribution is an average distribution and the use of high frequency
optical transmissions in free-space requires further analysis. This distribution underesti-
mates the very small drops of drizzle on one hand and on the other hand of storms. The
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values of parameters N0 depending on the type of rain, either if it is convective rain storm
or continuous rain showers or drizzle, are given for these three types of rain in Table 3.5
[116].

The corresponding values of the parameter A, of the Equation (3.24), are tabulated in

Rain Parameters Rain Type
Drizzle Continuous Showers Strong Showers

N0 (mm−1m−3) 3×104 7×103 14×102

γ(mm−1) 5.7R0.21 4.1R0.21 3.0R0.21

Table 3.5: Rain parameter values of N0 and γ for the studied rain types

Table 3.6 below, against three ranges of rain rate or intensity of precipitation [88]. The op-
tical attenuation due to rain, as a function of rain intensity or precipitation rate R (mm/h),
can be found by the following relationship [103, 37],

γrain = 1.076R
2
3 dB/km (3.25)

where R is the rain rate in mm/hr.
There exist another model that employs modified gamma distribution to model the rain
droplets [28]. If Qd denotes scattering cross-section of the rain droplets of radius r, and C(r)
the MGDSD, then the optical attenuation can be calculated by the following relationship,

γrain = 4.34
r2∫

r1

Qd(r)C(r)dr dB/km (3.26)

Rain Parameters Rain Type
Drizzle Continuous Showers Strong Showers

Intensity (mm/h) R < 3.8 3.8 < R < 7.6 R > 7.6
Parameter A 0.509 0.319 0.163

Table 3.6: Values of parameter A depending on the type and intensity of rain

3.3.2 Time Series of Rain Attenuation Measurements

In this section, the influence of rain events on the propagation of optical signals transmitted
in free-space is being discussed. Fig. 3.24 shows the measured time series of temperature,
rainfall intensity, relative air humidity and number of transmission error seconds (ES) de-
tected along an optical link against a rain event that occurred at Budapest. Measurements
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were performed at Budapest, in October 2002 using a 2.3 km optical link at 0.785 µm. The
test signal was a PCM31 format pseudo-random signal, measured with a Wavetek EDT-
135 type E1 analyzer. During the rain event there were no errors on the optical link, as
there was no significant reduction in visual range. After the rain ceased, the temperature
decreased while the humidity increased, leading to the formation of fog, which, in turn,
produced transmission errors. This measurement confirms that to estimate the attenuation
of free space optical links the drop size, air humidity and the temperature may provide
valuable information.
Fig. 3.25 presents a simulation of specific attenuation for different rain rates (using model

Figure 3.24: Time series of temperature, rain intensity and relative air humidity, against
number of error seconds (plotted in green) detected along an optical commu-
nication link over a 2.3 km path

given in Equation 3.25). From this simulation it is observable that even with heaviest
rain showers at a rain rate of 150 mm/h, the maximum attenuation can reach up to 30.38
dB/km. Consider a moderate rain rate (R = 1 mm/h) that remains uniform for about 10
minutes time and usually occur during continental rain in middle Europe may results in an
attenuation of only about 1.076 dB/km. For heavy thunderstorms, attenuation can easily
exceed 10 dB/km making availability questionable if the system setting has a very small
error margin. The same holds for heavy snowfall (more than 5 cm and uniform over 3
hours), where attenuations of more than 45 dB/km could be possible [29]. Depending on
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the time of the year and the geographic location, these values can be exceeded. It may also
happen that the weather events discussed occur simultaneously, i.e. fog with rain or fog
with snow [94].

The time series of a representative rain event that is recorded at Milan, Italy on a 319

Figure 3.25: Simulation of rain rate vs specific attenuation

m optical link operating using 785 nm wavelength is shown in the Fig. 3.26 [117]. This
sample rain event was recorded at Milan during year 2005-2006 measurement campaign.
In this plot rain rate measured for the rain event is plotted against the specific attenuation
and the corresponding visibility range recorded. It is visible through the plot that the max-
imum specific attenuation of about 23 dB/km was observed at a rain rate of 0.9 mm/hr
and corresponding visibility value of about 735 m. With a maximum observed rain rate
of 3 mm/h, the corresponding value of specific attenuation is about 1.47 dB/km against a
visibility range value of approximately 4359 m. The specific attenuation for this particular
rain event changes at a rate of ± 0.7 dB/km averaged on a minute scale. Comparing the
attenuation results measured with the simulation results as shown by Fig. 3.25, we notice
a kind of discrepancy in the observed values i.e., less attenuations for higher rain rate and
higher attenuations for lesser rain rate. However, by considering the visibility range val-
ues recorded in parallel and comparing them with the measured attenuation results then
we may explain this discrepancy. As we observed that with a rain rate of 0.9 mm/hr the
corresponding visibility was about 734.19 m, so converting this visibility range into opti-
cal attenuations using Kruse and Kim models with 2 % and 5 % transmission thresholds
results in attenuations of about 13.26 dB/km, 15.57 dB/km and 17.35 dB/km and 20.38
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dB/km, respectively. Then comparing the rain rate of 0.9 mm/hr with corresponding at-
tenuations as shown in Fig. 3.25 yields in attenuations up to approx. 2 dB/km, and thus
the total attenuations with rain and light fog combined reach up to 15.5 dB/km and 19.35
dB/km using Kruse model for 2 % and 5 % thresholds and 17.5 dB/km and 22.37 dB/km
using Kim model with 2 % and 5 % thresholds, respectively. Hence we may safely con-
clude that this rain event was accompanied by a some kind of light fog event that resulted
in higher attenuations (up to 23 dB/km). Whereas, the attenuation results obtained with a
rain rate of 3 mm/hr correspond to a visibility range of about 4359 m suggesting that there
was no fog in this case and thus resulted in attenuations up to 1.5 dB/km as expected.
Another sample rain event discussed here is recorded at Prague for the transmission of 850

Figure 3.26: Time series of recorded rain events at Milan, Italy

nm pulses on 850 m link. Fig. 3.27 shows the sample rain event that occurred during the
attenuation measurement campaign of year 2006 Ű 2007 on 18.09.2006 at Prague [117].
The minimum measured visibility during this particular rain events is 1000 m. While the
maximum rain rate during this particular rain event (of Prague) was recorded to be about
44 mm/hr and maximum specific attenuation reached was 8.5 dB/km. The maximum spe-
cific attenuation of about 8.5 dB/km reached against a rain rate of approximately 21 mm/h,
whereas, the specific attenuation value of 6.35 dB/km corresponds to a maximum rain rate
of about 44 mm/h. This behavior of rain attenuations is somewhat similar to the rain atten-
uations behavior as observed in the last discussed case of Milan representative rain event.
Comparing the attenuation results measured with the simulation results as shown by Fig.
3.25, it can be noticed that attenuations of 8.5 dB/km can be expected with a rain rate of
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21 mm/hr but the attenuations at 44 mm/hr are too small i.e., 6.35 dB/km. Possibly this
may be due to the reason that majority of rain droplet sizes, with a 44 mm/hr rain rate were
either too small or too big and were not comparable to the 850 nm wavelength employed
for the FSO link. The changes in specific attenuations recorded during this rain event
were about ± 1.70 dB/km averaged on a minute scale. From the analysis of this particular
recorded rain event it was noticed that the rain attenuation occurs for percentages of time
smaller than 0.66%. However, since the data samples related to rain effects on FSO links
are very limited so they do not necessarily represent the typical behavior of rain and thus
no concrete conclusions can be drawn.

From the comparison of the mentioned two rain events, it is observed that rain event

Figure 3.27: Rain rate vs measured specific attenuation (left); time series of rain rate and
specific attenuation against a rain event at Prague

effects are variable from location to location and the type of environment. These effects
are dependent mainly on the rain drop sizes, their chemical composition and their orienta-
tion since small rain droplets are usually spherical in shape and correspond to very small
rain rates and hence reduce visibility range more as compared to relatively larger size rain
droplets who result in relatively heavy rain showers but result in comparatively greater
visibility range.
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3.4 Snow Attenuations

Snow also causes non-negligible attenuation of the transmitted optical signal in free-space.
When precipitation rates are compared, the snowfall rate is usually lesser than the rainfall
rate. Fig. 3.28 shows the visibility range dependent comparison of fog, snow and rain
models for optical transmissions at 950 nm [118].

It is evident from the Fig. 3.28 that the role of fog and snow conditions is extremely

Figure 3.28: Simulating empirical models for fog, rain and snow conditions

important for the reliable operation of terrestrial optical links as these two conditions can
introduce very high attenuations to the transmitted optical signals for reduced visibility
range conditions. There exist few snow attenuation prediction models that can be used in
order to model the optical signal attenuations.

3.4.1 Prediction of Snow Attenuations

The first model is an empirical model that relates visibility range with the optical attenua-
tions [119]. Since snowfall also impairs visibility range, therefore visibility range param-
eter can be used to predict optical signal attenuations, irrespective of the type of snow, to a
good approximation. O’Brien gave the following relationship between visibility range (V)
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and light attenuation (γ)in falling snow,

γsnow =
58
V

(3.27)

The second model deals with the microphysical properties of snow. The model is given by
the following relationship [29],

γsnow = 0.3619
ρwR
C3vt

dB/km (3.28)

where vt is the terminal velocity of the snowflakes and ρw is the water density in g/cm3, R
is snowfall rate in mm/hr, C3 is the thickness of snowflakes in g/cm2. Although snowflakes
have a very complicated shape but they do not exhibit any preferred dimension. So assum-
ing their spherical shape seems reasonable and gives us a very realistic attenuations profile
in case of FSO links.
The third model relates optical signal attenuation as a function of wavelength λ (nm) to
the snowfall intensity S (mm/h). The attenuations due to snowfall are modeled based on
categorization into dry and wet snow types and the specific attenuation is given by the
following relations:

γsnow = aSb dB/km (3.29)

Here parameters a and b categorize snowfall type and for the two types of snow have values
as,

• For wet snow below 500 m of elevation:

a = 1.023∗10−4
λ +3.7855466 b = 0.72

• For dry snow above 500 m of elevation:

a = 5.42∗10−5
λ +5.4958776 b = 1.38

From the simulations based on dry snow and wet snow classification (Fig. 3.29) and also
indicated by Equation (3.29) that the specific attenuation by dry snow is much higher than
specific attenuation caused by wet snow [118]. Moreover, for both snow types no optical
wavelength dependency is observed, that means, there is no advantage of using longer
wavelengths in dry and wet snow environments as it was seen in case of fog conditions.
This suggests to use shorter wavelengths for free-space optical links in areas with high
snow rates as lower wavelengths have high availability of components. The intensity of
precipitation of snow (precipitation rate) is the fundamental parameter used to describe
the snow, locally. Its measurement is recorded at meteorological stations. In case if only
snow attenuations are known then the snow rate (S) can be estimated from specific snow
attenuations by a model given by [115].

γsnow = 0.00349
S1.6

λ 4 +0.00224
S
λ

(3.30)
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Figure 3.29: Simulating optical attenuations for dry snow (left) and wet snow (right)

3.4.2 Time Series of Snow Attenuation Measurements

A time series of attenuations of the three major dry snow events is being presented in
this section. The three snow events were recorded on a 79.8 m optical link installed at
Graz. The longest snow event occurred in Nov. 2005 measurement campaign and it lasted
for three days as it started on 25th Nov. 2005 and ended on 28th Nov. 2005. While the
remaining two major snow events occurred during our year 2009 measurement campaign
and the two took place on 01st and 2nd Feb. 2009. The time series of all the three events
optical attenuations in dB/km using 950 nm optical wavelength for transmission is shown
in Fig. 3.30 below, Since during these campaigns snow rate could not be measured so
we estimated the snow rate using the model given by T. Oguchi and is given in Equation
(3.30). The snow rate was estimated against the longest snow event i.e., of the Nov. 2005
snow event and the time series of this snow event is plotted in Fig. 3.31 below [118]. This
mentioned snow event had a peak value of 50 dB/km specific attenuation against a snow
rate of about 5 mm/hr. But against a maximum value of snow rate of about 6.5 mm/hr
estimated, the measured snow attenuation recorded was 47 dB/km. This shows that snow
attenuations can vary depending upon the size of the snowflake, amount of equivalent
liquid water content and the snowfall rate.
The maximum attenuation in case of dry snow we measured is about 68 dB/km against

the dry snow event of 2nd Feb. 2009. The changes of specific attenuations of the Nov.
2005 dry snow event were around ± 10 dB/km on a second scale [26]. Whereas, the
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Figure 3.30: Time series of three snow events recorded over a 79.8 m FSO link

Figure 3.31: Snow attenuations estimated from snowfall rate for snow event of Nov. 2005

observed variations in specific attenuations due to dry snow effects for the 01st and 2nd
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Feb. 2009 snow events were about ± 7 dB/km and ± 6 dB/km, averaged on a seconds
scale [118, 120]. A corresponding plot of all three dry snow event attenuations showing
the cumulative exceedance probability percentage is presented in Fig. 3.32 below. From
this plot it is evident that the attenuations were much higher of the 2nd Feb. 2009 snow
event as compared to the other two snow events of 01st Feb. 2009 and the Nov. 2005.
The simulations for wet snow are not performed here as wet snow has negligible effect in

Figure 3.32: Cumulative exceedance percentage of three observed snow events

terms of snow attenuations on the performance of FSO link.

3.5 Summary about Attenuation Measurements

To make optimal use of the huge unlicensed bandwidth offered by FSO links for our fu-
ture transmission requirements, it is necessary to have appropriate propagation related data
in order to properly plan FSO communication system design for different communication
scenarios (e.g., terrestrial, ground-space and space-space). As we noted, there exist very
limited experimental data of atmospheric attenuations in terms of the geographical and
meteorological parameters. For this purpose experimental FSO links has been installed at
Graz, Milan, Prague (under the continental fog conditions) and Nice (under dense maritime
fog condition) as these locations has a quite high occurrence of fog. Besides numerous is-
sues related to the environment, measurements of attenuations, as a function of visibility
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range, at different wavelengths were made on the FSO links installed at these mentioned
locations. The next step was to characterize and parameterize the measured attenuations
for the two most prevalent fog types in order to quantify the spectral dependence of atten-
uation for the terrestrial FSO links. At the mentioned sites besides Graz, the fog attenua-
tions were recorded in parallel to the measurement of important meteorological parameters
like temperature, visibility range and relative humidity etc. Nevertheless, the comparisons
of measured optical attenuations were made with the already well established prediction
models based on visibility range to see which model best fits the optical extinctions for the
three continental fog locations (Graz, Milan and Prague). The results were applied to an
experimental link of 80 m installed at Graz, Austria, 319 m FSO link at Milan, Italy and
850 m FSO link at Prague, Czech Republic. We noted an excellent agreement between
predictions generated through visibility range estimate and the experimental attenuation
data recorded. It is concluded that the terrestrial FSO system can be deployed successfully
for distances less than a kilometer and the results obtained at Graz, Milan and Prague fully
confirm this feasibility. It was further noted that generally we cannot prefer one particular
empirical model over the others for thick to light fog conditions as all models perform
equally well. However, for dense fog conditions Kim model seems to perform well as
compared to the other models as it describes the low visibility range conditions and related
optical attenuations well. Recall that the spectral dependence of attenuation in case of very
low visibilities (lower kilometer) is always the source of much debate. The variability in
fog attenuations was also observed at the three continental fog locations, and is also prob-
ably due to the difference in the type of FSO equipment, the sensitivity of measurements
and the nature of the fog which is particularly inherent of the geographical vicinity. We
further noticed that the continental fogs are stable and homogenous at large in compari-
son to maritime fog which are very inhomogeneous. It is a well established fact now that
the wind and the DSD has a very strong influence on the homogeneity of the advection
fog. Besides the analysis of fog related optical extinctions, few rain and snow events were
also evaluated and their impact on the free-space optical signals is studied. It was found
out that rain attenuations are not much significant as compared to snow and fog attenua-
tions. The snow and rain attenuations are particularly sensitive to their particular fall rates,
and the corresponding size of the flakes and the droplets, respectively. In short more ex-
perimental data of atmospheric attenuations from different locations is required to build a
global database of important meteorological parameters and corresponding extinctions and
hence to draw more concrete results and conclusions for the FSO system. It was concluded
that their observed attenuation characteristics are strongly dependent on the microphysics
involved, and will be further investigated and explained in the next chapter.



4 ANALYZING THE FOG MICROPHYSICS (PHYSICAL
PROPERTIES)

The observation of fog and clouds and the estimation or measurement of the thickness
of their bases is necessary for the design of ground-space FSO links. The physical pro-
cesses responsible for the formation and dissipation of fog are very complex and variable.
Different microphysical mechanisms prevail depending upon the local thermodynamical
conditions and hence lead to the development and growth of the different fog types which
influence and determine the nature, strength, and the life cycle of the particular fog event.
These microphysical processes are highly interactive and also tells about the thermody-
namics, chemistry and dynamics of the ambient air. Typically, very thin fog does not
require definite consideration on earth-space FSO links due to the fact that the vertical ex-
tent and the density of such fog are small. However, moderate and dense fog conditions
pose a real challenge to the FSO links as the density of such fog is significant enough to
completely or partially block the optical link for certain amount of time depending upon its
spread and severity. The first section focuses on the microphysical characterization of the
terrestrial FSO atmospheric channel especially for fog conditions and the microphysics be-
hind the formation, maturity and dissipation phases of fogs is investigated and evaluated.
The second section focuses on the fog density measurement system. The last section is
based on liquid water content (LWC) and the fog density measurements and outlines some
empirical models that relate liquid water content with the visibility range. Based on these
empirical models some real attenuation measurement results are analyzed in detail.

4.1 The Phenomenon of Fog

Fogs are composed of very fine droplets of water produced by condensation of water va-
pors on a pre-existing aerosol distribution of different nature (dust, smoke, volcanic ash
etc) suspended in the air near the surface of the earth under the effect of gravity. The pres-
ence of these droplets act to scatter the light and thus reduce the visibility near the ground.
A fog layer is reported whenever the horizontal visibility is less than 1 km and the relative
humidity of the air is brought to the saturation level (close to 100%) [121]. Usually the
liquid water density in fog is typically around 0.05 g/m3 having a visibility of about 300
m and 0.5 g/m3 for the dense fog having visibility about 50 m [38]. A fog layer can ex-
tend vertically up also to a height of 300 m to 400 m above the ground surface up to the
height of the layer where temperature inversion takes place. Optical attenuation is highly
correlated with fog intensity, and it is particularly affected by the number density and the

105



106 4 Analyzing the Fog Microphysics (Physical Properties)

size of fog droplets. As a general rule fog droplets tend to cluster around 5 µm to 15 µm
in diameter [85].
Generally, fog is formed under a wide range of scenarios as a result of supersaturation gen-
erated by cooling, moistening and/or mixing of air parcels, near the ground surface, that
have contrasting temperatures. The presence of small suspended water droplets and/or ice
crystals can render an object undistinguishable to a distant observer and thus result in poor
visibility conditions [91, 115]. During the fog formation stage, a concurrent increases in
liquid water content, droplet concentration and mean droplet size have been observed to
occur gradually. After the fog formation stage i.e., during the mature stage nearly constant
mean droplet concentration and LWC, while a gradually decreasing mean droplet size has
been observed. The fog dissipation stage typically occurs as the droplet concentration,
mean droplet size, and LWC all decrease with the passage of time [122]. Droplet concen-
tration and size dependent scattering losses of the propagating optical beam cause poor
visibility that occurs through a reduction in the brightness contrast between an object and
its background and through the blurring effect of forward scattering of light due to the
presence of the water droplets/crystals [56, 85]. Fog is more likely to occur in climatic
environments having large concentrations of aerosols characterized by a low activation
supersaturation (level of supersaturation at which aerosol particles spontaneously grow to
become cloud drops). It is very difficult to distinguish between unactivated and activated
fog droplets in different fog types.
The presence of fog and its microphysical characteristics affect the capacity, availability
and reliability of FSO systems by attenuating the power of transmitted optical signal prop-
agating through it [12, 92, 123]. Optical signal attenuation through fog is mainly caused
by scattering of electromagnetic wave on the spherical water droplets suspended in the
air and interacting independently. The physical mechanism of fog attenuation is similar
to rain attenuation, but since the typical fog droplet radius is much smaller than the rain
droplet, therefore the impaired wavelengths are shorter in fog as compared to rain. The
role of typical fog droplet radii is very important in case of terrestrial FSO links as there
exist several types of fog in different regions and seasons. Typical fog droplet radii vary
from environment to environment and hence the fog influence on the optical signal propa-
gation varies. In order to predict the optical signal attenuations due to fog, the knowledge
about evolution, dissipation of fog along with its spatial and temporal distribution and mi-
crophysical properties is quite useful.
Especially, among the microphysical properties of interest, the droplet size distribution
(DSD) of fog and amount of liquid water content (LWC), average particle size and number
per air volume are crucial. These properties together with the knowledge of the scatter-
ing properties of single droplets permits to estimate fog attenuation. The measurement of
fog LWC and DSD is not trivial and dedicated data are still scarce in the literature. Ad-
ditionally, these microphysical parameters undergo spatial and temporal changes and are
dependent upon the atmospheric conditions like relative humidity, temperature, and the
environment e.g. continental or maritime, and the microclimate.
Based on visibility range estimate Eldridge [121] defined three generalized types of shorter
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visibility climatic conditions; fog for visibilities less than 500 m, mist for visibilities be-
tween 500 and 1000 m and haze for visibilities greater than 1000 m. These zones are based
on changes in observed particle size distributions and changes in the wavelength selectivity
of measured attenuation coefficients. Haze is primarily made of microscopic fine dust or
salt or small droplets of a few microns to a few tenths of micron sizes. Nowadays, an in-
ternational code of visibility is adopted in order to differentiate between different climatic
conditions based on visibility range estimate as given in Table 4.1.
Intricate relationships exist between aerosols and fog. Fog may appear under the influence

Description Visibility Range
(km)

Attenuation
Loss (dB/km)

Dense Fog 0.04-0.07 250-143
Thick Fog 0.07-0.25 143-40
Moderate Fog 0.25-0.5 40-20
Light Fog 0.5-1.0 20-9.3
Thin Fog 1.0-2.0 9.3-4.0
Haze 2.0-4.0 4.0-1.6
Light Haze 4.0-10.0 1.6-0.5
Clear Sky 10.0-25.0 0.5-0.1
Very Clear Sky 25.0-50.0 0.1-0.04
Extremely Clear Sky 50.0-150.0 0.04-0.005

Table 4.1: International code of Visibility Range

of particular aerosol characteristics like number concentration, size distribution and chem-
ical composition that have a large impact on the occurrence of a particular type fog. These
aerosol characteristics strongly influence fog microphysics and hence the overall life cycle
of a particular type fog. Therefore, as a result the LWC, DSD, and visibility range of a fog
layer are affected and modified according to the characteristics of the aerosols contained
in the air mass. All the optical characteristics of aerosols and in particular those of fog are
related to the particle size distribution, which is the most important parameter allowing us
to compute the optical properties of a quantity of droplets. Generally, this distribution is
represented by analytical functions such as log-normal distribution in the case of aerosols
and the modified gamma distribution for fog, which is widely used to model the various
types of fog and cloud [99] and is given by:

C(r) = N0rmexp(−Λrσ ) (4.1)

In this equation, C(r) gives the number of particles per volume unit and per increment unit
of the particle radius r; N0, m and Λ are parameters which characterize the particle size
distribution. Fog is usually characterized by N0, m and Λ with σ = 1 [99]. For dense fog
these parameter values are 0.027, 3 and 0.3 respectively and for moderate continental fog
the values are 607.5, 6 and 3.
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4.1.1 Fog Types and their Classification

Radiative cooling and mixing or humidification are the two main physical mechanisms
that result in fog formation. When radiative mechanism dominates the fogs are termed
as radiative fogs and as advective fogs when the second mechanism is prominent. Many
processes are involved in the fog formation and development, including the primary role
of radiation, microphysics, turbulence, and moisture transport over heterogeneous terrain
to produce the saturation of air [124]. The relative importance of each process varies from
case to case and also temporally during a fog event. In terms of physical mechanisms,
Jiusto [124] listed 14 factors that influence the formation and dissipation of a fog layer.
The local scale factors mainly involve moisture availability, radiative balance of the clear
and cloudy air, turbulent mixing, heat and moisture transfer in the soil medium and mi-
crophysical processes besides temperature and moisture horizontal advections and vertical
motion associated with large scale and/or mesoscale circulations [112].
Fog occurs naturally in many different types dependent upon the mechanism of their for-
mation, the location dependent climatic conditions and the geographical location. Some
examples of major fog types are:

• Radiation or continental fog

• Advection or maritime fog

• Precipitation or frontal fog

• Upslope fog

• Valley fog

• Arctic or steam fog

• Cloud base lowering fog

Each type fog mentioned above have their particular physical characteristics and numerous
researchers have devoted efforts to understand the relationship between the occurrence of
a particular type of fog with the various mechanisms known to influence their evolution
process. Moreover, each fog type has characteristic DSD that varies spatially and tempo-
rally and changes with the changes in relative humidity, temperature and the wind speed.
Thereby making the forecast of formation, dissipation of fogs difficult and the attenuation
prediction process even more difficult. Typical fogs (radiation and advection type) are
composed of inactivated cloud droplets (haze particles) and activated Cloud Condensation
Nuclei (CCN). The inactivated fog droplets are generally smaller than 2.5 microns in diam-
eter, while activated droplets are usually much larger than 2.5 microns. But in comparison
to droplets of different cloud types, the fog droplets (either radiation or advection) are gen-
erally smaller [99]. Since radiation fog and the advection fog are the two most prevalent



4.1 The Phenomenon of Fog 109

fog types that occur in most regions around the globe, therefore these two fog types will
be discussed here and in the following chapters in further details.

Radiation or Continental Fog

Radiation fog in temperate areas mostly occur in winter and is formed near the ground
surface under clear sky conditions in stagnant air in association with an atmospheric high
pressure. The favorable conditions for radiation fog formation are very low speed winds,
high humidity and clear sky. Under this scenario, radiation fog formation has been found to
be sensitive to the coupled dynamical and thermodynamical structure of the evolving noc-
turnal boundary layer over land [112]. The typical fog droplets are considered spherical
in shape having diameter ranges from 0.17 µm to 50 µm for any type of fog [62, 63] de-
pending upon the geographical location. In the case of moderate continental fog droplets,
the mode is about 2-4 µm, while for dense continental fogs the mode size is about 4-6 µm
[99, 100]. As a comparison, a cloud may contain a good proportion of very small water
droplets, but the radii of the drops that dominate extinction and scattering are in the range
of 5 µm to 20 µm, whereas, the limiting liquid particle diameter of a cloud is of the order
of 200 µm, larger drops than this comprise drizzle or rain. Fig. 4.1 gives an illustration of
the formation mechanism of radiation or continental fog.

Figure 4.1: An illustration of radiation fog formation mechanism [125]
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Advection or Maritime Fog

Advection fog is formed by the movement of wet and warm air masses having contrasting
temperature properties above the colder maritime or terrestrial surfaces. The air in contact
with the surface is cooled below its dew point, causing condensation of water vapor. It is
characterized by a liquid water content reaching up to 0.5 g/m3 against a visibility range
of 50 m. The maritime fog particle diameter are normally larger in size to continental fog
particles. The mode in case of moderate maritime fog lies around 8 µm and for dense mar-
itime fog case it is around 10 µm with 20 fog particles in unit volume cm3 for both types
[99, 100]. Fig. 4.1 below gives an illustration of the formation mechanism of advection or
maritime fog.
Studies have shown that the origin and history of air masses in the coastal areas are im-

Figure 4.2: An illustration of advection fog formation mechanism [125]

portant factors in the observed variability and in the spatial distribution of maritime fog
as well as to the fog microphysical characteristics [112]. The details about remaining fog
types can be found in much detail in [97, 126, 127].
Fig. 4.3 shows the fog droplet distributions for the moderate maritime and continental fogs
and dense maritime and continental fogs. The vertical axis shows the fog droplet distribu-
tion in units of number of droplets per cubic centimeter per micron and the horizontal axis
shows fog droplets radius in microns. Fig. 4.4 below, shows the fog particle concentra-
tions for the continental or radiation fog (on left) and maritime or advection fog (on right).
The Y-axis shows the particle concentration in number per unit volume (cm3). From the
practical fog attenuation measurements it was observed that the attenuation of FSO links
in the troposphere are in high correlation with the fog intensity, and optical attenuations
are particularly affected by the density and distribution of the fog particles [27, 87].
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Figure 4.3: Typical droplet distribution for different kind of fogs [101]

Figure 4.4: Typical fog particle concentration for radiation and advection fog

4.1.2 Formation and Dissipation of Fog and the Influencing Factors

Liquid water content, fog droplets size distributions, fog particle concentration and the
chemical composition of the air mass aerosol constituents strongly affect the fog forma-
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tion and dissipation. Typically, fog formation takes place as the difference (∆) between
temperature and dew point becomes (5 ◦F) 3 ◦C, or less and as a result water vapors in
the air begin to condense into liquid water form while relative humidity reaches to 100%.
When a moist air mass is cooled to its saturation point (dew point), the fog formation
occurs. This apparent cooling can be the result of radiative processes for radiation fog, ad-
vection of warm air masses over cold maritime surfaces for advection fog, evaporation of
precipitation for precipitation or frontal fog, due to the adiabatically cooling process of the
air mass as it is forced up a mountain for a upslope fog. Simultaneous measurements of the
FSO attenuation, relative air humidity and temperature are testifying that the appearance
of the fog can be often detected with significant increase of the humidity (above 85 %)
whilst the temperature is decreasing [128]. A typical effect of dissipation and evolution
of moderate continental fog event of 11th January 2005 measured on a 319 m FSO link
installed at Milan is shown in Fig. 4.5. Radiation fog generally appears during the night
and at the end of the day and is particularly common in the valleys. Normally, after sunset
a strong cooling takes place near the earth surface through the divergence effect of long
wave radiation. As the cooling increases, the relative humidity increases until fog droplets
are activated over the haze particle nuclei.
Fog dissipates gradually and this process starts approximately after one hour to four hours

after sunrise. An examination of Fig. 4.5 closely, reveals the continental fog dissipation
process such that with the increase in solar radiation power, humidity is decreased and tem-
perature is increased and hence as a result the visibility is improved [96]. Studies on fog
formation and dissipation reveal that around the time of the termination of all fog events,
approximately 72% are characterized by a decrease in relative humidity associated with
increasing temperatures within a few hours after sunrise. While approximately 20% are
characterized by a change of moist air mass with a drier air mass due to a shift in wind
direction [112]. A typical dense maritime fog event measured on 28th June 2004 on an 28
m FSO link installed at Nice, France is shown in Fig. 4.6. The major difference between
a maritime fog event and the continental fog event is the variations of temperature and
relative humidity values. One can clearly observe that during this particular maritime fog
event, the temperature remained between + 20 - 30 ◦C, whereas the relative humidity val-
ues fluctuated between 10 - 100 %. According to this plot as shown in Fig. 4.6, it is clearly
observed that with the onset of the dense maritime fog event the visibility range is im-
proved with the increase in temperature while the relative humidity stayed approximately
around 100 % (300 - 800 min) and visibility range was decreasing when temperature was
decreasing but relative humidity was about 100% (800 - 1100 min). In situation, when
the temperature was decreasing accompanied by a decrease in relative humidity, then the
visibility range was also decreasing (as evident from 1100 - 1250 min time interval). At
time interval between (1350 - 1440 min), the temperature remained around 22 -23 ◦C but
the relative humidity was at its lowest value during this particular fog event. The link
quality was significantly affected with the fog event and most of the time interval (400 -
1100 min) it stayed between 75 - 95 %). And when the optical attenuations reached above
150 dB/km, the link quality parameter could not be calculated due to the sensitivity of the
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Figure 4.5: Typical continental fog event recorded on a FSO link at Milan

instrument.

4.1.3 The Identification of Fog Events and Frequency computation

Numerical models can be used for fog forecasting and to investigate the relative importance
of the processes affecting fog formation and dissipation. Fog events can be identified easily
by post-evaluation of the real attenuation measurement data by looking at the variations
of visibility range. A particular fog event is identified if the visibility range is reduced to
less than 1000 m distance besides, in general, increase in relative humidity and decrease
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Figure 4.6: Typical maritime fog event recorded on a FSO link at Nice, France

in temperature. Based on the visibility range reduction the fog event can be classified as
moderate fog event or dense fog event if the visibility range is several 100 meters but lesser
than 1000 m and to few tens of meters but lesser than 100 m, respectively.
The character of a particular fog type is investigated by determining the spatial distribution
of its frequency of fog events, as well as the seasonal and diurnal variations of fog evolution
and dissipation frequencies. The frequency of fog events is calculated as:

Fm,h = (
Nm,h

Nt
)×100 (4.2)

Where
Fm,h is the frequency of fog events with evolution or dissipation started at hour ’h’ during
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month ’m’
Nm,h is the number of fog events that started at hour ’h’ in month ’m’
Nt is the total number of events that occurred during the measurement campaign.
The monthly frequency is then calculated, which is the sum of all the fog events that
occurred in a particular month.

Fm = ∑
h

Fm,h (4.3)

Whereas, the hourly frequency which is the sum of all the fog events that occurred at a
particular hour in a month is given by,

Fh = ∑
m

Fm,h (4.4)

The Table 4.2 below summarizes few major fog events that were measured during the
measurement campaign in the winter 2005-2006 at Graz over a 80 m FSO link operating
at 850 nm and 950 nm wavelengths [96]. Overall the fog attenuations at Graz, Austria
were measured over 156 days almost 3711 hours, and the measurement data is available
for about 3699 hours i.e., 13316400 readings. This means that there exist about 99.6% of
the measurement values and the difference is explained by interruptions when these values
are saved for compilation in a computer. Similarly, the Table 4.3 below summarizes the
measurement campaign in dense maritime fog environment at La Turbie near Nice, France
that lasted for eight days under COST 270 short term scientific mission (STSM). This
measurement campaign took place in summer 2004 over a 28 m FSO link operating at
850 nm and 950 nm wavelengths. The maximum attenuations recorded against each date
shows the maximum value of optical attenuation recorded on a second scale. During this
measurement campaign three major dense fog events were recorded.

It is a well established fact now that there is a very high probability of continental fog
occurrence whenever there is a decrease in temperature (approaching 0 ◦C) accompanied
by an increase in relative humidity (more than 80%). Our experimental measurements
against a continental fog event that is recorded on 11.01.2005 show that particularly around
temperature of 4±1◦C and relative humidity 85±3% the terrestrial FSO link suffers very
high level of optical attenuations as visible through Fig. 4.7 and Fig. 4.8. Under such
temperature and relative humidity conditions, a large number of transmission errors begin
to appear thereby causing reduction in the reliability and availability of terrestrial FSO
links.
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Event Event Start Event End Maximum Attenuation
Date Time Time Recorded

29.09.2005 02.00 07.30 80 dB/km
25.10.2005 03.00 11.00 110 dB/km
26.10.2005 01.30 04.00 118 dB/km

10. - 11.11.2005 16.00 10.00 58 dB/km
11. - 12.11.2005 14.00 11.00 50 dB/km

22.11.2005 00.00 06.00 110 dB/km
25. - 28.11.2005 19.00 10.00 60 dB/km
28. - 29.11.2005 22.00 06.00 120 dB/km

30.11.2005 06.00 11.00 110 dB/km
02.12.2005 01.00 17.25 90 dB/km

13. -14.12.2005 21.00 12.00 80 dB/km
25. - 28.12.2005 19:32 13:30 35 dB/km

09.01.2006 05:00 10:00 110 dB/km
09. - 10.01.2006 22:00 05:00 116 dB/km
30. - 31.01.2006 21:00 10:00 135 dB/km
31. - 01.02.2006 15:00 09:00 150 dB/km
01. - 02.02.2006 20:00 10:20 140 dB/km
02. - 03.02.2006 21:00 08:00 143 dB/km

Table 4.2: Major fog events detected during continental fog attenuation measurement cam-
paign at Graz that started at 27.09.2005 19:20 and ended at 01.03.2006 14.35

Event Event Start Event End Maximum Attenuation
Date Time Time Recorded

24.06.2004 15:36:55 23:59:59 560 dB/km
25.06.2004 00:00:00 23:59:59 490 dB/km
26.06.2004 00:00:00 23:59:59 460 dB/km
27.06.2004 00:00:00 23:59:59 190 dB/km
28.06.2004 00:00:00 23:59:59 480 dB/km
29.06.2004 00:00:00 23:59:59 540 dB/km
30.06.2004 00:00:00 23:59:59 535 dB/km
01.07.2004 00:00:00 23:59:59 540 dB/km

Table 4.3: Major fog events detected during dense maritime fog attenuation measurement
campaign at Nice, France that started at 24.06.2004 15:36:55 and ended at
01.07.2004 23:59:05
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Figure 4.7: Effect of temperature variations on optical attenuations inside continental fog

Figure 4.8: Effect of relative humidity variations on the optical attenuations inside conti-
nental fog
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4.2 Fog Density Measurement Sensor

In order to estimate the path attenuation due to the fog conditions, the liquid water content
per unit volume should be measured. The fog attenuations of the optical signals are highly
dependent on the amount of LWC in the atmosphere. The measurement of the amount
of LWC in the atmosphere is quite complicated and required expensive measurement de-
vices [129]. However, for experimental purposes a simple and low-cost device has been
developed through cooperation between Graz University of Technology and the Budapest
University of Technology and Economics. This device detects fog events and provides
a quantitative value of the LWC in the air. Besides the optical fog sensor the device is
equipped with temperature and relative air humidity sensors. These parameters are provid-
ing also important information and they have characteristic values during foggy weather.
The sensor is built into a rain and sunlight-shielded device box, but allows the free move-
ment of the fog droplets to and from the sensor area. A built-in data processing unit is
applied to form the data and transfer the measurement data to the indoor data collecting
system.

4.2.1 Principles of the Fog Density Measurement

This fog sensor device is based on an optical sensor which transmits periodically short
infrared light pulses and measures the squarely reflected impulses. The amplitude of the
reflected light is correlated with the amount of the reflective material in the sensor area;
therefore a good estimation of the LWC can be achieved. The construction of the optical
sensor and its operation principle is depicted in Fig. 4.9 [96].
The sensor is calibrated to measure the density of the floating particles in the air. The sen-

Figure 4.9: Operating principle of an optical sensor to measure the number concentration
and the size of fog droplets [96]
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sor can detect particles with the size of 1 µm or higher, therefore it will be appropriate to
detect fog particles. A sequence of short optical pulses is transmitted through a sampling
volume filled with fog droplets. As fog becomes denser, the shape of the received pulse
sequence changes according to fog density. The peak voltage of the output pulse response
carries the information of the fog density. Moreover, the pulse pattern informs about the
size of the particles. The device is factory-calibrated to measure the mass density of the
suspended particles in the air and gives this value in mg/m3. The sensor should be op-
erated continuously, driving the infrared emitting element with the recommended, 10 ms
pulse cycle. The fog particles are reflecting the light pulse to the receiver element, and after
amplification and shaping the output pulse the signal is ready for the further processing.
The fog density can be determined in two ways. On the one hand the factory calibration of
the sensor device ensures that the peak voltage of the output pulse varies linearly with the
particle concentration in the air, and the concentration/voltage characteristic is also given.
In addition, the sensorŠs pulse cycle is high enough to test the density by examining the
variation of the consecutive output pulses. In case of moderate fog conditions the peak
voltage falls down between two or more detections, while dense fog may cause constantly
high output pulse peaks Fig. 4.10 [96]. Moreover, the pulse pattern yields information
about the size of the particles. The pulsing of the infrared emitter will be uniformly per-
formed with the recommended cycle and width. It can be foreseen, that the shape of the
output pulse (rising and falling time, peak voltage) will be the function of the drop size,
however the effective values can be determined only after the analysis of the measurement
data, i.e. a calibration process is needed.

Figure 4.10: Fog density detection mechanism [96]
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4.2.2 Hardware Elements of the Measurement System

The device consists of an outdoor and an indoor unit as shown in Fig. 4.11. The microcontroller-
based outdoor unit has a serial communication interface (RS-422) and built-in sensors to
measure the next properties:

• Density of floating particles in the air

• Temperature

• Relative humidity

The indoor unit receives the RS-422 line of the outdoor unit, converts it to RS-232 and
connects the device to a standard PC serial line. The indoor unit also powers the outdoor
unit, therefore the outdoor unit doesn’t needs power source. The communication between
the outdoor and indoor unit is an RS-422 serial line with the next parameters:

• 38400 kbit/sec, no parity, 1 stop bit, no hardware flow control

• Maximal cable length is approx. 1200 m

Figure 4.11: Fog sensor outdoor unit (left) and indoor unit (right)

4.2.3 Software Components

Fog sensor software components comprises of separate components for the outdoor and
indoor units. Fog sensor data can be collected through software routines written in MAT-
LAB code. A further detail of each unit is being mentioned in below subsections.
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Outdoor Unit

The outdoor unit contains a microcontroller to perform data collecting and communication
with the indoor unit. The firmware of the outdoor unit can be uploaded with a bootloader
program: (http://www.etc.ugal.ro/cchiculita/software/picbootloader.htm, freeware). Fig.
4.12 shows the graphical user interface (GUI) of the fog sensors data handling software
component. Usage of the bootloader:

Figure 4.12: GUI of the fog sensor software component

• start Tiny bootloader

• select HEX file to upload

• power up the outdoor unit

• click Write Flash button

Indoor Unit

To receive and store measurement data from the outdoor unit a PC with MS Windows XP
or Vista with serial communication port (RS-232) is needed. Required Windows settings
for the data collecting computer:

• The time zone is set to GMT+0

• The 24 hour time format is adapted
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• The PC is connected permanently to the internet and automatic internet time syn-
chronization is made

• To enable the autostart utility of the program after reboot, "serial.exe com1" file is
added in the startup menu

The serial.exe is the program to collect measurement data. It can be started without argu-
ments or with com1/com2/com3/com4 to enable autostart with the selected serial port. The
serial data collecting program receives and stores in a data file the measurement data. Fig.
4.13 shows the GUI of the software component that collects the data of the fog sensor. The
data are sampled in the outdoor unit in every 10 msec, averaged by using the "Averaging
No." value and sent via the serial line to the indoor unit in every second.

The data collecting program saves 1 sample/sec in the next file format as shown in the

Figure 4.13: GUI of the fog sensor software component for data collection

Table 4.4 below, The decoding of the data can be done through a software routine written
in MATLAB. The relative time is the serial number of seconds in the current day, starting
with 0. The file is closed and new file opened at 24:00 o’clock. If the program is stopped
and later restarted, the file of current day will be continued and data appended.

4.2.4 Fog Sensor Cabling

The fog sensor cabling consists of connections between indoor unit, interface unit and
the outdoor cable unit of the fog sensor. The schematics diagrams of the each unit are
mentioned in below subsections.
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Fog Density Temperature Humidity Averager Relative Time
0169 4844 2354 0100 0
0167 4845 2355 0100 1
0168 4845 2356 0100 2
0171 4844 2357 0100 3
0171 4843 2358 0100 4
0171 4842 2359 0100 5
0170 4841 2360 0100 6
0168 4840 2361 0100 7
0168 4838 2361 0100 8
0170 4836 2362 0100 9
0170 4836 2363 0100 10
0167 4835 2363 0100 11
0167 4834 2363 0100 12
0167 4834 2363 0100 13
0171 4833 2366 0100 14
0166 4833 2367 0100 15

Table 4.4: Sample data format of the data received by a fog sensor

Fog Sensor Cabling - Indoor Unit

The cabling of the fog sensor indoor unit consists of cabling between interface unit to the
outdoor unit via a 9 pol. DB9 Cannon female connector, to the 12 Volt power connector
and to PC RS-232 9 pol. DB9 male connector as shown in Fig. 4.14.

Figure 4.14: Schematic diagram of fog sensor cabling of the indoor unit
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Fog Sensor Cabling - Interface Unit

The schematic diagram of the fog sensor’s cabling interface unit is shown in Fig. 4.15.
This cabling of the interface unit is is accomplished through connections of two 9 pol.
DB9 female connectors between interface unit and the PC RS-232 connector.

Figure 4.15: Schematic diagram of fog sensor interface unit

Fog Sensor Cabling - Outdoor Cable Unit

Fig. 4.16 shows the schematic of the fog sensor cabling of the outdoor cable unit. The
connections are established through the use of twisted pair UTP cable between 9 pol. DB9
male connector of the interface unit and the 6 pinheader female connector of the outdoor
unit.

Figure 4.16: Schematic diagram showing fog sensor outdoor cabling unit
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4.3 Fog Liquid Water Content and Density Measurement

Liquid water content (LWC) is the measure of the mass of the water in a fog or cloud to a
specified amount of dry air. LWC is typically measured per volume of air (g/m3) or mass
of air (g/kg) [63]. This parameter is strongly linked to two variable: the fog or cloud DSD
and the droplet number concentration. The amount of LWC in a particular volume of air
is useful in determining which kind of fog or cloud formations is likely to occur and so is
extremely useful for weather forecasting.
The main cause of the optical signal attenuations in free-space is the small sized spherical
shape water droplets that are suspended in the air that contribute towards attenuations as
a result of scattering and absorption effects. There exist several types of fog in different
regions and seasons, having a typical droplet radius range and mode radius, that is inherent
of the type of fog. So one should take the typical droplet radius of a particular type fog
into account too while considering the effects of fog attenuation on the terrestrial FSO
link. The physical mechanism of fog attenuation is therefore somewhat similar to the one
of rain attenuation, but since the typical water droplet radius is much smaller in fog than
in rain, the impaired wavelengths are shorter in fog when compared to rain. Considering
this analogy between rain and fog attenuations, a question naturally arises if there is a
microphysical parameter of fog that plays a role like that of rain intensity from the optical
attenuations point of view. Liquid water content (LWC) of fog seems to be a suitable
parameter in this respect, because it is related to a number of water droplets in the free-
space propagation path. The liquid water content (LWC) is the mass of liquid water per
unit volume of air. It is given by the following equation,

LWC = ρw
4
3

∞∫
0

πr3C(r)dr (4.5)

where,
ρw is the density of water (ρw = 1.0×106g/m3)
r is the radius of the fog particles (m)
and C(r)dr is the number of fog particles per unit volume whose radius is between r and r
+ dr.

4.3.1 The Fog Density Measurement Results

The time series analysis of fog attenuations can provide interesting insight, and lead way
to develop systems that can cope better with fog attenuations. For free-space optical com-
munications, it is of high relevance to consider effects of changes in fog attenuation during
short time intervals. One of the major aims of the measurement campaign in Graz in the
winter of 2005, was to get better insight into the time domain analysis of the fog attenua-
tions for the terrestrial free space optical links. Earlier in [27], some preliminary notions
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on the importance of time domain analysis of fog attenuation were provided. The exact
or more compact analysis of the attenuation behavior of fog can lead to design of better
systems, with more throughput capabilities and enhanced performance. The current mea-
surement campaign that started in September 2009 is aimed at studying the influence of
fog density variations on the inflicted optical attenuations.
The occurrence of fog seriously affects the performance of a terrestrial FSO link by atten-
uating the power of the signal. The severity of fog is the direct consequence of the density
of fog. The more severe the fog conditions the higher are the resultant optical attenuations.
In order to characterize the optical attenuations due to fog conditions, it is important to
investigate the density of fog and to see how optical attenuations vary with the variations
in fog density. For the fog events detection and measurement of the corresponding amount
of liquid water content, the fog sensor devices are installed near the FSO terminals at the
two continental fog locations; Graz and Budapest. Several measurement result of detected
fog events prove that the device is capable to sense the fog events and give a quantitative
liquid content value, as it is shown in Fig. 4.17 [96]. The plot shows variations of relative
humidity (%), temperature (◦C) and the fog density in mg/m3 against a sample fog event
that occurred on 03rd Nov. 2008 at Budapest, Hungary. These observed variations are in
high correlation with the occurrence of the moderate continental fog event at Hungary with
density of fog approaching 0.5 mg/m3.
In Fig. 4.18 is shown a typical continental fog event recorded at Budapest, Hungary on

Figure 4.17: A sample fog event density measurement example

29th December 2008. It is clearly evident that the foggy periods are pairing with high hu-
midity, but the air temperature was below the common 0 ◦C [120].
The prototype of the sensor is operating since October of 2008 at TUG, Graz and BME,
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Figure 4.18: Fog density, temperature and humidity profile against a continental fog event
at Budapest

Hungary. During this period several fog events have been detected at both locations. In
addition to fog events at Graz, three very heavy snow events also occurred during this pe-
riod. It would be interesting to look into the measured density, temperature and humidity
profile related to snow events. The density profile related to fog and snow events at Graz,
Austria and a fog event at Budapest, Hungary is discussed here. The plot as mentioned
below in Fig. 4.19 corresponds to a fog event at Graz that occurred on 24th January, 2009.
This is a typical fog event with air humidity higher than 95% and low temperature close to
0 ◦C. It is well observable that during the lower-value periods of the humidity the fog has
disappeared [120].

Our measurement results recorded at Budapest (as shown in Fig. 4.18) and Graz (as
shown in Fig. 4.19) indicate that the fog sensor device is quite capable of detecting the fog
events and in addition gives us a quantitative measure of the amount of liquid water con-
tent. Another measurement is shown in the next Fig. 4.20, against a snow event recorded
on 02nd Feb. 2009 at Graz.
In this case the density shows also a deviation from the zero-level, but comparing its value

with the previous example, the order of magnitude is ten times lower. The levels of the
humidity and the temperature are also non-typical for fog events. By analyzing the mete-
orological data recorded with another device close to our sensor, this event can be identi-
fied as the typical effect of snow event coupled with very low fog intensity. The parallel
temperature and humidity values measured are in strong correlation with the fog density;
however, detectable but very low level fog density could appear during snow events, as it
is demonstrated in Fig. 4.20.
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Figure 4.19: Density, temperature and humidity profile against a fog event at Graz

Figure 4.20: Density, temperature and humidity against a snow event at Graz
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4.3.2 Empirical Relationship Between Relative Humidity and Temperature with
Optical Extinctions

Relative humidity (RH) and temperature (T) play an important part in the formation and
dissipation of continental fog. Measurement of RH and T are simple tasks and based on
their values recorded, we can approximate corresponding attenuations. However, addi-
tional information in the form of parameters like fog drop size distribution, liquid water
content and fog density would further enhance the accuracy in estimating the optical atten-
uations. We propose here an empirical relationship between temperature, relative humidity
and optical attenuation values for an optical wireless link in continental fog environments.
This relationship is developed using standard curve fitting technique by employing Gaus-
sian model which is considered a best fit in our case. The relative humidity and temperature
values are plotted along x-axis in Fig. 4.21 and Fig. 4.22, respectively, while measured
specific attenuation values are plotted along y-axis in both plots [130].
The data values of RH-specific attenuation and temperature-specific attenuation are first

Figure 4.21: Gaussian fit for specific attenuations vs relative humidity

smoothed (averaged) and then non-linear least square Gaussian fit is applied. There is a
large scatter of attenuation values for relative humidity values between 83%−87% range
and temperature values between 3.5 ◦C and 4.5 ◦C range, as evident from Fig. 4.21 and
Fig. 4.22, respectively. As the interpolation technique mentioned can not go through all
the data points so we first averaged out the instantaneous variations of specific attenuation.
By this way the data points are smoothed and so we applied the non-linear least square
Gaussian fit. We could expect large residual errors especially for the data points lying in
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the above mentioned range for temperature and RH, and it is also evident from the resid-
uals plots as shown in lower halves of Fig. 4.21 and Fig. 4.22. The Gaussian fitting plot
after smoothing the temperature-specific attenuations values and additionally showing the
residual errors is presented in Fig. 4.22 [130].
It is observed that for the above mentioned relative humidity and temperature values, mod-

Figure 4.22: Gaussian fit for specific attenuations vs temperature

erate continental fog really establishes itself and results in significantly high variations in
optical power attenuations. The possible explanation to these variations in specific atten-
uation values can be attributed to the complex microphysical processes that vary spatially
and temporally during the life cycle of the continental fog with reference to a particular
location with time. The combined effect of all microphysical processes results in compar-
atively large fluctuations of optical signal attenuations. Quantitatively this can be observed
as sum of square value of the residual errors as evident in the lower halves of the plots
mentioned in Fig. 4.21 and Fig. 4.22. We applied Gaussian fitting by employing the non-
linear least squares method and used the trust-region reflective Newton algorithm for this
Gaussian curve fitting. The model equation is given by the following relationship [130],

βatt = a1 ∗ exp [−(
x−b1

c1
)2]+a2 ∗ exp [−(

x−b2

c2
)2]+a3 ∗ exp [−(

x−b3

c3
)2] (4.6)
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Here βatt is the attenuation coefficient estimated from the recorded relative humidity value
x. The corresponding coefficients having 95% confidence bounds are mentioned below,

a1 = 25.75(14.98,36.52)
b1 = 83.85(82.69,85.01)
c1 = 1.026(−0.7717,2.824)
a2 = 93.89(−2568,2756)
b2 = 113.8(−242.2,469.9)
c2 = 21.77(−80.5,123.6)
a3 = 24.46(−2.335×105,2.335×105)
b3 = 85.64(−903.2,1075)
c3 = 0.4174(−1501,1502)

The sum of squared errors (SSE) and root mean squared errors (RMSE) arising from the
residual errors is mentioned in Table 4.5 for relative humidity-specific attenuation values
and in Table 4.6 for temperature specific attenuation values, respectively [130].
The same model (as already given in Equation (4.6)) can be applied for the temperature

SSE Rsquare DFE Adjrsquare RMSE
2.809 × 105 0.47594 1426 0.473 14.035

Table 4.5: Statistical parameters of fitting model between relative humidity and specific
attenuations

and specific attenuation values [130]. The corresponding coefficients for temperature-
specific attenuation relationship having 95% confidence bounds are,

a1 = 36.04(32.36,39.72)
b1 = 3.839(3.826,3.852)
c1 = 0.1298(0.09624,0.1634)
a2 = 26.16(23.65,28.66)
b2 = 4.189(4.171,4.207)
c2 = 0.1722(0.1428,0.2017)
a3 = 263.7(−7976,8504)
b3 =−12.74(−158.4,132.9)
c3 = 9.071(−28.11,46.25)

4.3.3 Relationship between Fog Drop Size Distribution and Liquid Water Content

The size distribution of the fog droplets is usually described by modified gamma distribu-
tion as given by Equation (4.1). If Nd is the actual total concentration of the fog droplets
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SSE Rsquare DFE Adjrsquare RMSE
2.4426 × 105 0.5443 1426 0.54175 13.088

Table 4.6: Statistical parameters of fitting model between temperature and specific attenu-
ations

per cubic centimeter of air then the real profile of the fog droplets is given by multiplying
C(r) by Nd [127]. Therefore, following Equation (4.1) the liquid water content in g/m3 is
defined as,

LWC = ρwNd
4
3

∞∫
0

πr3C(r)dr (4.7)

where r is the particle radius. The values of LWC resulting from Equation (4.7) and the
corresponding set of MGDSD parameters giving the best fit curves relative to eight size
spectra of small water droplets for a visibility range of 1 km are given by Claudio Tomasi
et. al [127]. Given the third power radius in Equation (4.7) suggest that water droplets
smaller than 3 µm have a very little contribution towards LWC and therefore, could be
neglected [131]. The effective extinction efficiency ζ (r) and effective droplet radius re in
terms of DSD are given by Equations (4.8) and (4.9) below, respectively [132]:

ζe =
∫

∞

0 ζ (r)r2C(r)dr∫
∞

0 r2C(r)dr
(4.8)

re =
∫

∞

0 r3C(r)dr∫
∞

0 r2C(r)dr
= 30000

LWC
PSA

(4.9)

It is important to mention that re is the radius of the fog particles of single diameter droplet
having the same LWC and PSA. PSA is the fog particle surface area measured in (cm2/m3).
LWC and PSA are both important parameters to estimate fog attenuations caused by scat-
tering of fog particles. When fog particles are assumed spherical in shape then PSA is
given by [132]:

PSA = 10−2×4π

∞∫
0

r2C(r)dr (4.10)

PSA and LWC of fog and clouds droplet size distribution can be estimated from MGDSD
i.e., C(r). Assuming a modified gamma drop size distribution MGDSD (as given by Equa-
tion (4.1)), and provided m is specified, N0 and Λ are given by,

N0 =
3×106(LWC ·Λm+4)

4πΓ(m+4)
(4.11)

Λ =
(m+3)

re
(4.12)
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Here Γ() is the gamma function. Figure 4.23 illustrates the influence of three DSD pa-
rameters of the modified gamma distribution (as shown on left), and the particle surface
area (PSA) (as shown on right) of fog for a given value of LWC = 0.5 g/m3 [132]. LWC

Figure 4.23: The MGDSD and PSA of fog for different MGDSD parameter values against
LWC=0.5 g/m3

varies significantly depending on the type of fog or cloud present in the atmosphere at a
particular location. Their classification is highly related to the amount of LWC as well as
to their origin. The combination of LWC and the origin allows to readily predict the types
of conditions that will be most likely in the vicinity of the free-space optical link. Fog,
having very low densities, contain very little amount of water and thus result in lower val-
ues of LWC around 0.05 g/m3 for a moderate fog (visibility range around 300 m). While
much higher values of LWC (around 0.5 g/m3) usually means formation of thick or dense
fog (visibility range of about 50 m) [133]. Similarly, clouds may have a LWC value of
0.06405 g/m3 and 1-3 g/m3 for Cirrus and Cumulonimbus clouds, respectively measured
in the same amount of space [99]. Fog or cloud droplets of the maritime origin tend to
have fewer water droplets having relatively larger size radius than the continental droplet
size [96, 99]. The concentration of maritime origin droplets lies between 100 drops/cm3

to about 200 drops/cm3, whereas the concentration of continental origin droplets is about
900 drops/cm3 [134].
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4.3.4 Models Relating Liquid Water Content to Visibility Range

Many models exist that relate DSD of fog or clouds with the optical attenuations for the
FSO links. Due to the complexity of computing the DSD of fog or clouds at a particular
location, models that relate visibility range to the optical attenuations have been developed.
It may not be straight forward to compute the visibility range because of availability of the
transmissiometer system and their high installation costs involved. Hence, there is a need
to find an alternate solution to predict visibility range from some microphysical properties
of certain atmospheric conditions like fog, rain, snow and clouds. LWC seems a suitable
option as it is easily computable and, moreover, existing empirical models could then be
used that relate visibility range to the LWC.
The variability in the fog microstructure causes a considerable variability in the reduction
of visibility range induced by the presence of small water droplets in the air. Numerous
researchers have aimed at defining relationships between associated visibility range reduc-
tion and the overall characteristics of fog. Most of them have focused on the power law
relationship between fog LWC and its associated extinction coefficient [121, 127]. The
general form of LWC and visibility range relationship derived from the ample set of data
related to fog evolutionary stages is given by [132],

V = b(LWC)−2/3 (4.13)

Where V is the visibility range and LWC is the amount of liquid water content (g/m3).
Parameter b takes on specific values for different fog conditions as shown in Table 4.7.
Another relationship dealing with LWC and the corresponding optical extinctions is given

Fog Type b Reference
Dense Haze 0.013 Claudio Tomasi et. al

Continental fog (dry and cold) 0.034 Claudio Tomasi et. al
Maritime fog (wet and warm) 0.060 Claudio Tomasi et. al
Dense Haze and Selective fog 0.017 Eldridge et. al

Stable and evolving fog 0.024 Eldridge et. al
Advection fog 0.02381 Koester and Kosowsky

Table 4.7: Fog types and the values of coefficient b to estimate visibility range from LWC

by,
βext = p(LWC)a (4.14)

Here, βext is the optical extinction coefficient. The proportionality constant p is related
to specific fog conditions. Experimental results show considerable variability, with values
falling in the range of 65 ≤ p ≤ 178 and 0.63 ≤ a ≤ 0.96 [122]. A relationship for visibil-
ity range as a function of both liquid water content and the droplet size was proposed by
J. E. Jiusto who showed that LWC is directly related to droplet size [124]. More recently
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Gultepe et al. proposed a relationship between visibility range V and the product of droplet
number concentration Nd and LWC [135] as given by Equation 4.15. This model recog-
nizes the presence of variability in fog droplet sizes and their role in optical extinctions in
different fog conditions by influencing the visibility range parameter.

V = 1.002(LWC ·Nd)−0.6473 (4.15)

The maximum value for Nd and LWC used in derivation of Equation (4.15) 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. Under a project named Fog
Remote Sensing and Modeling (FRAM), a model have been developed from the empir-
ical data to characterize different phases of maritime fog (e.g., formation, evolution and
dissipation) that deals with marine fog and is given by [136],

V = 0.856(LWC ·Nd)−0.609 (4.16)

Expression (4.16) suggests that when LWC is fixed, Nd should decrease to obtain large
visibility range values e.g., during fog dissipation phase. In case of small droplets evapo-
ration, some large droplets tend to be formed such that when these large droplets reach a
critical size (diameter > 20 µmm) they drizzle out [136].
Fig. 4.24(a)-(d) shows simulation results for the visibility range for fixed values of Nd ,
fixed LWC, the continental and maritime fog models defined by Equations 4.15 & 4.16,
and the simulation model of Equation 4.14, respectively [132].
It is evident from this plot that visibility range decreases with increasing Nd and LWC. In

Fig. 4.24-(c), the model labelled as maritime (advection) fog is simulated using Equation
4.16, whereas, models labelled as continental fog and maritime fog are simulated using
Equation 4.15 [132].
Furthermore, it is obvious that in situations when LWC is fixed and Nd increases, fog par-
ticle terminal velocity weighted over the spectra (Vt) becomes lower and hence results in
decreased visibility range, thus suggesting higher density fog. In other words, if the droplet
terminal velocities are low then the droplets stay longer in the air resulting in reduced vis-
ibility range and vice versa. Alternatively, during fog natural dissipation phase the droplet
number concentration Nd should decrease. The terminal velocity of fog particles Vt is given
by:

Vt = 178.984(
LWC
Nd

)0.684 (4.17)

Now in order to estimate the fog LWC (g/m3) values directly from the fog density values
(mg/m3) the following procedure can be adopted. The fog density is measured with a
simple optical device, whose output values may have big fluctuations as they are measured
on the seconds time scale. So conversion from fog density values to LWC values first
require smoothing of the data values since LWC can not change so rapidly. This can be
achieved through averaging of the instantaneous values of LWC. Let Wk be the averaged
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Figure 4.24: Simulations of relationship between LWC, Nd and visibility range

value of LWC and Dk is the output of the fog sensor between 0-0.5 relative values, therefore
their ratio is represented by a constant C given by [137]:

C =
∑

n
k=1Wk

∑
n
k=1 Dk

= 0.7384(g/m3) k = 1,2, ....,n (4.18)

Where n is the total number of measurement samples during the whole fog event. The
momentary value of LWC in the presence of fog is thus given by:

LWCk = C ·Dk = 0.7384 ·Dk(g/m3) k = 1,2, ....,n (4.19)

The optical extinctions can be predicted from LWC values either by the power law rela-
tionship as given by Equation (4.14), or by first predicting the visibility range from LWC
instantaneous values using equations (4.15 & 4.16) for continental and maritime fog, re-
spectively.
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4.3.5 Impact of Fog Density and Liquid Water Content on the FSO link
Performance

Figure 4.25(a)-(f) show results of LWC, temperature and relative humidity variations,
LWC and fog density variations, variations of LWC on minute scale, variations of LWC on
the hour scale, corresponding measured optical attenuations on the seconds scale and mea-
sured attenuations on minute scale, respectively against a continental fog event recorded
at 950 nm over an 80 m FSO link at Graz on 18-19 Nov. 2009. A time series of all the
above mentioned parameters is shown from 10 AM on 18 Nov. 2009 to 10 AM on 19
Nov. 2009. The total duration of this fog event was about 13 hours (started around 5
PM on 18 Nov. 2009 and lasted until 8 AM on 19 Nov. 2009. The optical attenuations
recorded the maximum value of 140 dB/km averaged on a minute scale. The appropriate
photographs taken by a CCD camera looking at the transmitted beam spot (at 950 nm) for
the no fog condition, moderate fog condition with attenuations of 40 dB/km to very dense
fog condition with attenuations as high as 140 dB/km, are also shown in Fig. 4.25-(f). The
corresponding variations of temperature, relative humidity and the LWC (g/m3) estimated
from fog density (mg/m3) are illustrated in Fig. 4.25-(a) and a comparison between fog
density and the corresponding LWC is depicted in Fig. 4.25-(b) [132]. During dense fog
event, the temperature is around 4-6 ◦C with the relative humidity at around 100%, see Fig.
4.25-(a). As the temperature increases, the relative humidity decreases and hence causes
the fog dissipation, while the fog formation takes place as temperature decreases towards 0
◦C and relative humidity increases towards 100%. A comparison between Figs. 4.25-(c) &
4.25-(f) reveals that maximum optical attenuation of 140 dB/km is achieved against LWC
value of around 0.29-0.3 g/m3 and around 0.19-0.2 g/m3 averaged over a minute and on
hourly scales, respectively. The LWC value stay around 0.1198 g/m3 during the mentioned
24 hours when averaged either over seconds, or minutes or hourly scales. By comparison
it can be seen that against the maximum value of LWC (∼ 0.4 g/m3) the corresponding
optical attenuation value is 130 dB/km. The possible explanation of this observation may
be due to a variation in Nd because of the sudden wind gusts or may be because of 1 m
separation between the FSO receiver terminal and the fog sensor device. Overall, it is evi-
dent that optical attenuations are in high correlation with the fog density variations and the
results indicate that both are directly proportional to the severity of fog.
The plot in Fig. (4.26) shows the comparison between the actual measured optical attenu-

ations at 950 nm and the optical attenuations predicted from LWC momentary values. The
procedure adopted to compute the predicted attenuations from LWC instantaneous values
is as follows: firstly, the instantaneous values of fog density recorded by the fog sensor are
converted to momentary LWC values averaged over minutes and hours time scale against
the mentioned fog event using Equation 4.19. Then from these momentary values of LWC,
visibility range is estimated using the relationship given by Equation 4.15. Once the visi-
bility range is computed against the LWC values for the mentioned continental fog event,
using Kruse and Kim model (approximations of visibility range) the corresponding spe-
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Figure 4.25: Results of LWC, temperature, relative humidity and fog density variations
against a continental fog event recorded at Graz

cific attenuations are computed for attenuation values averaged over minutes and hours
time scales for comparisons [132]. It is important to mention that the transmission thresh-
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old was taken as 5% while predicting the visibility range values from LWC instantaneous
values. The plots given in Fig. 4.26(a)-(b) show a comparison between the measured op-
tical attenuations and the predicted attenuations for a range of Nd against Kruse and Kim
model, respectively. Different values of Nd are compared in order to get a rough idea
about the fog particles concentration during certain fog event. From Figs. 4.26(a)-(b), it
appears as though the particle concentration roughly varies somewhat between 100-250
particles/cm3 volume as the actual measured attenuations were more closer to this range
values as compared to the other range values. In order to get a better impression between
comparisons of attenuations, plots in Fig. 4.26(c)-(d) are compared on attenuation values
averaged on a hourly time scale for both actual measured and the predicted attenuations
using Kruse and Kim approximations, respectively. From these two plots, its clearer to
see that the particle concentration remained in the above mentioned range during this fog
event. In Figs. 4.26(e)-(f), the predicted (Kruse and Kim) and actual measured optical
attenuations are compared against the CDF (%) exceeded for values averaged on a minute
and hourly time scales, respectively. It is evident from these plots that the CDF of the
measured and the predicted attenuations proves that the attenuation values are similarly
distributed; validating the LWC estimation. Moreover, the predictions made through vis-
ibility range estimates by Kim model are closer to the actual measured attenuations as
compared to the attenuations predicted by the Kruse model. This behavior is observed be-
cause the fog was a kind of dense continental type with visibility range well below 500 m
most of the time and so the Kim model performs better in comparison to Kruse model and
is thus more relevant to describe the effects of very low visibility range conditions [132].
In order to refine the precision of this technique further measurements would be preferable

especially during dense fog conditions in different fog environments and geographical lo-
cations. The attenuation predictions generated through fog density and LWC are of prime
significance in addition to visibility range for terrestrial as well as ground-space optical
links. The significance of this method over prediction method based on visibility range is
that this method is equally valid in order to predict attenuations for both terrestrial as well
as ground-space optical links. Whereas, the prediction method based on visibility range
is so far only applicable to horizontal terrestrial links. Moreover, it would be useful in
improving the current and future FSO link designs in terms of their performance enhance-
ments by mitigating the harmful attenuation effects caused by different fog types.
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Figure 4.26: Comparison between actual measured optical attenuations and the predicted
attenuations from momentary values of LWC
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4.4 Summary about Fog Microphysics

An analysis of the environmental conditions associated with continental fog and maritime
fog events has been presented using observations made at different locations around Eu-
rope. Preferred weather scenarios and physical processes influencing the formation and
dissipation of fog were identified. Continental fog mostly occur as a result of radiative
cooling over land with the decrease in temperature and increase in relative humidity un-
der clear skies in stagnant air conditions. Maritime fog is associated with the advection
of a moist air-mass with contrasting temperature properties with respect to the underlying
surface. Intricate relationships exist between fog microphysics and the fog characteristics
that influence the optical signals transmitted in free-space. LWC of fog seems to be a
suitable parameter to predict optical attenuations besides droplet size distribution and visi-
bility range, that is related to a number of fog particles in the propagation path. Since there
exist several types of fog with different typical droplet radii dependent on the region and
the season. Therefore, one should also take into consideration additional microphysical
parameters of fog such as the droplet diameter and droplet number density. Moreover, it
was seen through simulations that optical attenuations in fog conditions are highly depen-
dent on the amount of LWC. In order to understand and properly parameterized the overall
mechanism of interactions between the various processes that shape up the fog microstruc-
ture, a comparison of fog density measured through a simple fog sensor device installed at
the location of FSO transceivers is made. It has been observed that fog density is in high
correlation with the LWC and in turn to the resultant optical attenuations. However, there
is not enough information available on the fog vertical structure, and its representation
in the form of different models can be useful in the design of future ground-space FSO
links. Also the process of fog droplet growth and different factors (like turbulent mixing)
affecting it are not considered in most of the fog models and need further investigations.
Reliable measurements of small size droplets of fog are also missing that add up to our
incomplete understanding. Therefore, a multi-year data-set with consistent state of the art
instrumentation is needed that could prove invaluable in efforts to characterize, understand
and parameterize the considerable variability in fog microstructure within the various fog
environments. However, on the basis of this limited set of available attenuation data we
can propose some methods to predict optical attenuations that will be based on the com-
puted DSD parameters from actual measurements, and are discussed in detail in the next
chapter.
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5 IMPLEMENTATION OF THE FOG ATTENUATION
PREDICTION MODELS

Different fog conditions have been found to have a great impact on the performance of
terrestrial FSO systems. In order to characterize the free-space atmospheric channel for
different fog conditions, the biggest issue is the unavailability of measurement data of fog
attenuations for different fog environments, seasons and climates. Conducting field tests in
different atmospheric environments requires huge amount of money and a lot of difficulties
in order to study the impact of different atmospheric conditions. In recent times, a number
of attenuation prediction methods have been developed that allow to calculate propagation
related important parameters and are useful in planning FSO systems operating in the
visible and infrared spectrum. Such methods can be tested against available measurement
data to check for their adequacy, efficiency and compatibility with the natural variability
of propagation phenomena. In this section fog attenuation models are discussed that are
developed based on measurement data recorded at three different continental fog locations
Graz (Austria), Milan (Italy), and Prague (Czech Republic). These models are based on
microphysical quantities like droplets drop size distribution (hereafter DSD) and liquid
water content (hereafter LWC) and the Mie theory. The first model proposes a method to
artificially simulate the fog DSD and is based on Marsaglia Method [138], and can be used
to compute the Modified Gamma DSD (hereafter MGDSD) parameters for any location.
The next prediction model is based on Maitra and Gibbins technique that employs standard
iterative procedure to compute the DSD parameters [139]. Using this method an optimal
set of DSD parameters corresponding to MGDSD and exponential drop size distribution
(hereafter EDSD) are computed for the two locations Graz and Prague.

5.1 Prediction Model Based on Droplet Size Distribution

The FSO systems are suitable for certain terrestrial and space-based communications in
near-Earth and deep space environments. Appropriate propagation prediction methods are
required for the prediction of the most significant propagation related impacts to Earth-
space systems. Such methods must yield an accuracy that is both compatible with the nat-
ural variability of propagation phenomena and adequate for most present applications.

143
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5.1.1 Mie Scattering and Modified Gamma DSD Based Prediction Model

In case of terrestrial FSO links, fog particles introduce Mie scattering to the optical sig-
nals transmitted in free-space which causes significant attenuation of the optical energy.
This attenuated energy is strongly dependent upon the fog particles distribution which is
not routinely measured or reported in the standard meteorological data. The nature of
fog droplets distribution may change drastically at a certain location with time and so is
considered the major atmospheric element responsible for the attenuation of the optical
signals. The prediction of fog droplets distribution and its behavior during fog formation,
maturity and dissipation stages represent a challenging problem because it crosses many
scientific areas: thermodynamics, cloud physics and boundary layer meteorology.
A number of aerosol models are used to predict particle concentration on the basis of actual
meteorological conditions or according to climatology. It is admitted in meteorology that
a given aerosol model cannot be used to predict wave attenuation under all atmospheric
conditions, since the local meteorological conditions dominate the aerosol source function
[2]. However, the size distribution of atmospheric particulates is commonly represented
by three analytical functions: the exponential distribution, lognormal distribution and the
modified gamma distribution (MGDSD). The gamma probability density function (PDF)
is actually a general PDF that is used for nonnegative random variables. r is said to be a
gamma random number with parameter α and β , if the following relationship holds,

Γ(α) =
∞∫

0

rα−1e−rdr (5.1)

Let us assume that α = m+1 and β = 1
Λ

, then Equation (5.12) becomes,

f (r) =
rmΛm+1e−rΛ

Γ(m+1)
(5.2)

In meteorology, the DSD of fog can be more conveniently described by a frequency distri-
bution c(r) than the probability distribution f(r), and MGDSD is the most commonly used
for several types of fog and clouds [99]. If C(r) represents the fog particle concentration,
then the number of particles per unit volume and per unit radius increment (r to r + ∆r)
is,

C(r) = N0rmexp(−Λrσ )∆r, 0≤ r ≤ ∞ (5.3)

with
Λ =

m
σ · rσ

mod
(5.4)

Here, m, σ , N0, Λ are the four adjustable parameters characterizing the MGDSD. m is
called the shape parameter and Λ is the slope or gradient. These parameters allow the
MGDSD to fit a large variety of cases. rmod is the mode radius (µm) of fog particles i.e.,
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the radius r at which c(r) is a maximum. Multiplying Equation (5.2) and Equation (5.3) by
NT (total number of fog particles per unit volume), we get N0 as,

N0 =
NT Λm+1

Γ(m+1)
(5.5)

and
NT = N0σ

−1
Λ

m+1
σ Γ(

m+1
σ

) (5.6)

5.1.2 Artificial Fog Droplet Simulation

By comparing the observed attenuation values with the ones obtainable by the DSD model
previously described, one can state whether the model is suitable to describe fog process in
Milan and/or Graz eventually after tuning of some parameters, or whether a different DSD
model is necessary. To this aim we have simulated the fog process (DSD), as outlined in
the following.
In simulating artificial fog droplets according to a MGDSD, no reference describes how
to simulate random numbers from the modified gamma frequency distribution. However,
several methods are available to simulate random numbers from a probability distribution
such as the transformation method [138] and the rejection method [140]. The method pro-
posed here is employed to generate modified gamma-distributed variables by considering
a monotone transformation h(x). It can be shown that if x has density,

eg(x) ∼=
h(x)a−1c−h(x)h′(x)

Γ(a)
(5.7)

then y = h(x) follows the gamma density Γ(a). Moreover, if g(x) is close to c− x2

2 for
some constant c, then a rejection method from a normal density can be developed. After
generating a radius r that follows the probability gamma distribution, the fog droplet dis-
tribution is derived by using the following relationships:∫

f (r)dr = 1 and
∫

c(r)dr = NT .
We can then calculate c(r) by binning r into several classes with bin width ∆(r). The
probability density for each class is,

P(∆) =
C∆

NT
=

D2∫
D1

f (r)dr =
D2∫

D1

c(r)
NT

dr =
c(∆)
NT
·∆r (5.8)

Where C∆ and c(∆) are the count and distribution of drops with radius r1 ≤ r ≤ r2 respec-
tively. From Equation (5.8), it is robust that C∆ = c(∆) ·∆r and the fog DSD is therefore
given by,

c(∆) =
C∆

∆r
(5.9)
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The fog DSD is correctly reproduced provided the following holds,

n

∑
i=1

c(∆)i ·∆r = NT (5.10)

5.1.3 DSD Parameters Analysis

The peak specific attenuation value predicted using the standard parameters of the MGDSD
for moderate continental fog conditions and the Mie scattering theory results in specific at-
tenuation of about 180 dB/km. whereas, the measured peak specific attenuation value at
Graz was up to 224 dB/km and for Milan it was around 154 dB/km (deduced from visual
range). It means that the standard parameter values are not always applicable to model fog
attenuations for each place and each kind of fog environment as we observed in case of
Graz (observed attenuations are higher than predicted by standard parameters) and Milan
(observed attenuations are lesser than predicted by standard parameters). Moreover, we
know that the DSD of fog particles may vary from location to location, and at a particular
location with time [141]. Hence, the need arises to find a new set of MGDSD (average)
parameters for each of these two continental locations to see how much the new parameters
deviate than the standard parameters of MGDSD. This knowledge of the location depen-
dent set of distribution parameters can be useful prior to installation of a the terrestrial FSO
in order to get a realistic estimate of optical attenuation at a particular location. In addition,
the information about the frequency of occurrence of a particular fog type along with its
seasonal and diurnal dependence is also important in order to overcome the attenuation
losses by adjusting a certain link margin.
In this effort here, it is tried to find the value of MGDSD parameter N0 by keeping fix the
values of other two parameters m and Λ to their standard values i.e., 6 and 3 for continental
fog, respectively to match the observed peak, median and mean values of measured spe-
cific attenuation at Graz and Milan. The corresponding optical attenuations are obtained
through Mie theory by keeping the mode size of fog droplets to 2 µm, which is assumed to
adequately represent moderate continental fog. The fog droplets are simulated with sizes
from 0.1 to 50 µm with a step size of 0.1 µm. The new sets of MGDSD parameters are
plotted in Fig. 5.1 and Fig. 5.2, and are also presented in Table 5.1 [96].

The main reason for using this mentioned preliminary procedure is that the during the
experimental measurements at both Graz and Milan only one measured data related to fog
properties i.e., optical attenuations is recorded, therefore, only one DSD parameter can
be computed. Upon measurement of more physical parameters related to fog like LWC a
much better method, as proposed in the next sections, can be used to compute optimal set
of DSD (e.g., EDSD and MGDSD) parameters.
The corresponding specific attenuation values are shown in Fig. 5.3 and Fig. 5.4 [96, 101].

It can be noticed that the contribution from 1 to 5 µm particles is about 96% of the over-
all attenuation, while 5 to 50 µm particles are responsible for only 4% of attenuation. It
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Figure 5.1: Estimated parameters of MGDSD for peak, standard, mean and median values
of attenuations at Graz

Figure 5.2: Estimated parameters of MGDSD for peak, standard, mean and median values
of attenuations at Milan

means that smaller droplets play a critical role in attenuating the optical signal: as their size
is comparable with normally used optical wavelengths, simple methods are inadequate and
therefore use of Mie theory is mandatory. Furthermore, there are also temporal variations
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Moderate Continental Fog Graz Milan
Sp. Attenuation (dB/km) m N0 Λ γ(dB/km) m N0 Λ γ(dB/km)
Standard Value 6 607.5 3 180.2 6 607.5 3 180.2
Peak Value 6 757 3 224.56 6 528.2 3 154.13
Mean Value 6 440 3 130 6 132.8 3 38.74
Median Value 6 270.5 3 80.24 6 118.5 3 34.50

Table 5.1: Proposed modified gamma DSD parameters

during the life cycle of a fog event, as well as spatial variations at any given time instant.
Therefore, the identical visibilities during fog formation and dissipation might correspond
to different size distributions. This is the reason why we speak of average DSD parameters.

Figure 5.3: Predicted attenuations for Graz using MGDSD and Mie scattering
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Figure 5.4: Predicted attenuations for Milan using MGDSD and Mie scattering

5.2 Methodology to Retrieve Fog Drop Size Distribution Parameters

The optimum scaling of the fog DSD leads to the fine tuning of the methods used for the
prediction of attenuation over terrestrial FSO links, and for the reliable behavior of these
transmission links under harsh environments. In the following sections two continental fog
events will be discussed and analyzed while drop size distribution parameters will be esti-
mated by considering EDSD and MGDSD, separately. The DSD parameters computation
method is based on standard iterative procedure that selects those optimal parameters of
a certain distribution for which the residual errors between the actual measured value and
the computed value is minimum. The two representative fog events are selected from two
different continental locations i.e., Graz (Austria) and Prague (Czech Republic).
While computing optimal distribution parameters of the EDSD and MGDSD parameters
for the two selected continental fog events, radius r is considered as the independent vari-
able of a size distribution as it prevails in the literature probably because it is favored in
electromagnetic and Mie theory. The size of fog particles considered, while computing
the DSD parameters, is in the range between 0.1 µm-50 µm with an interval size of 0.1
µm. And Mie scattering efficiency is calculated by employing the complex refractive in-
dex of a particular wavelength considered using Ray method [95]. The algorithm adopted
to determine individual DSD parameters (for EDSD or MGDSD) is explained below under
appropriate sections.
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5.2.1 Methodology to Retrieve MGDSD Parameters

In 1964, Deirmendjian analyzed a large number of empirical size spectra of fog droplets by
a computational method using three parameters MGDSD having a general form as given
in the Equation (4.1) [142]. These three parameters completely determine the shape of a
distribution curve. In 1971-73, Garland measured the parameter sets of the MGDSD of
small water droplets corresponding to 1 km visibility range by giving the best-fit curves
relative to eight size spectra, which are representative size distribution models of haze
droplets [142, 143]. The corresponding mode radius rc range of these small water droplets
studied was between 0.038 µm and 0.734 µm. Later on in 1976, Tomasi and Tampieri
listed parameters sets of MGDSD for fog droplets against 0.2 km horizontal visibility for
different fog types [142]. The mode radius rc for radiation fog water droplets case studied,
was in the range between 2.13 µm and 12.22 µm. Then in 1989 Shettle and later on in
1995 by Harris listed the MGDSD parameters corresponding to moderate radiation fog
case [99, 100]. The reference values of MGDSD parameters (m, N0 and Λ) and the total
actual concentration Nd for the radiation fog case from the above mentioned references are
listed in the Table 5.2, below.
In the subsequent sections to follow, the methodology adopted to retrieve optimal MGDSD
parameters related to the two selected representative fog events recorded at Graz and
Prague, is explained separately.

Size distributions m N0 Λ Nd Fog Type
cm−3 · µm−1 µm−1 cm−3

Garland [143] 1 - 7 0.54 - 1.28 1.362 - 184.2105 718.61 - 9230.25 Small water droplets
Tomasi and Tampieri [127] 4 - 5 7.54×10−6 - 4.32×100 0.3273 - 2.3474 15.90 - 249.93 Radiation fog

Shettle, Harris [99, 100] 6 2.37 - 607.5 1.5 - 3.0 20 - 200 Radiation fog

Table 5.2: Ranges of MGDSD parameters from literature survey

For Graz Fog Event

In order to compute MGDSD parameters N0, m and Λ against the fog events recorded
at Graz, Maitra and Gibbins procedure is adopted [139]. We modify this procedure to
compute three parameters of MGDSD from two equations. The two considered Equations
are Equation (3.3) & (4.7). It is important to remind here that the optical attenuations
measured correspond to 950 nm wavelength and the measured attenuation data considered
is taken averaged over a minute scale for the computation of MGDSD parameters here.
The three MGDSD parameters, namely, m, N0 and Λ can be computed theoretically by
taking the ratio of the above mentioned two equations as [144],

γexp(950nm)
LWCexp

=
105 ∫ 50µm

0.1µm Qd(2πr
λ

,n′)πr2C(r)dr

ρw
4
3
∫ 50µm

0.1µm πr3C(r)dr
. (5.11)
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where ”exp” denotes the experimentally measured values. Assuming the three parameters
MGDSD distribution as given by Equation (4.1), then the ratio of two equations become,

γexp(950nm)
LWCexp

=
105 ∫ 50µm

0.1µmCExtN0rmexp(−Λr)dr
4
3πρw

∫ 50µm
0.1µm r3N0rmexp(−Λr)dr

(5.12)

Where

CExt = Qd(
2πr
λ

,n′)πr2.

So

γexp(950nm)
LWCexp

=
105 ∫ 50µm

0.1µmCExtrmexp(−Λr)dr
4
3πρw

∫ 50µm
0.1µm r3+mexp(−Λr)dr

(5.13)

By this procedure parameter N0 can be eliminated, and we are left with the only two pa-
rameter m and Λ. Now the iterative procedure is adopted to compute the two remaining
MGDSD parameters. For the computation of these two parameters the values of param-
eters m and Λ are taken as m =0.1, 0.2, ...., 10 (100 values), and Λ=0.1, 0.2, ...., 10 (100
values). It seems appropriate not to restrict the MGDSD parameters, while computing
them against the measured attenuation values against the radiation fog events at the two
mentioned locations, in the reference ranges as existing in the previous literature since the
fog DSD parameters characteristics vary from location to location. Therefore, the ranges
mentioned for MGDSD parameters m and Λ between 0.1 to 10, for our computation here,
seems reasonable. These ranges of the respective parameters are taken from Tomasi and
Tampieri [127, 142]. Then for each combination of m and Λ, residuals of the computation
are calculated out of 100x100 matrix combination. Finally, the residuals are compared and
that optimal combination of m and Λ is taken for which the residual of ratio of attenuations
at 950 nm and LWC (as given by Equation (5.13) is the minimum. After finding the opti-
mal set of m and Λ, the third parameter N0 can be computed from the ratio of the measured
attenuation and the computed attenuation at a particular wavelength given by,

N0 =
γexp(950nm)
γthr(950nm)

. (5.14)

N0 =
LWCexp

LWCthr
. (5.15)

where ”thr” denotes the theoretically computed values using the MGDSD parameters and
the LWCexp as mentioned in Equation (5.15) corresponds to LWC values computed from
fog density values (see Equation 4.19) [96, 137].
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For Prague Fog Event

To compute MGDSD parameters m and Λ against the selected fog event of Prague as well,
the same procedure as we adopted in case of Graz fog event is used here. In case of
Prague fog event we have an additional possibility of computing the MGDSD parameters
from the ratio between two attenuations (at 1550 nm and 850 nm), besides taking the ratio
of attenuation at a particular wavelength (either 850 nm or 1550 nm) and the LWC. It is
important to mention here that we mainly considered attenuations at 1550 nm wavelength,
because of the preference of this wavelength for future FSO link designs, to compute the
three MGDSD parameters against the Prague fog event. Therefore, the final equation in
case of taking the ratio between optical attenuations at 1550 nm and LWC thus become
[144],

γexp(1550nm)
LWCexp

=
105 ∫ 50µm

0.1µmCExtrmexp(−Λr)dr
4
3πρw

∫
∞

0 r3+mexp(−Λr)dr
. (5.16)

Finally, the third parameter N0 can be computed by taking the ratio between measured and
computed LWC values as given by the following equation,

N0 =
LWCexp

LWCthr
. (5.17)

The other possibility of computing the two MGDSD parameters (m and Λ) is to take the
ratio between measured attenuations at 1550 nm and at 850 nm as given by the following
equation,

γexp(1550nm)
γexp(850nm)

=

∫ 50µm
0.1µmCExt1.55µ

rmexp(−Λr)dr∫ 50µm
0.1µmCExt0.85µ

rmexp(−Λr)dr
. (5.18)

Finally, the third parameter of MGDSD (N0) in case of Prague’s representative fog event
can be computed by taking the ratio of measured and computed attenuations at 1550 nm
wavelength as,

N0 =
γexp(1550nm)
γthr(1550nm)

. (5.19)

5.2.2 Methodology to Retrieve EDSD Parameters

The size distribution of fog droplets is not an easy function to quantify. It has been custom-
ary to express DSD in terms of distribution function. The distribution specified by negative
exponential distributions (EDSD), such as those described by Marshal and Palmer [145],
much attention has been focused on obtaining relatively simple analytical expressions in-
volving as small number of parameters as possible to model measured drop size distri-
butions. Marshal and Palmer approximated the drop size distributions with exponential
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functions which can be written as,

C(r) = N0exp(−Λr) (5.20)

where C(r) is the number concentration of droplets of radius r (µm) per unit size interval
for the fog case, N0 (µm−1m−3) and Λ are the EDSD parameters i.e., concentration and
size parameters, respectively. The exponential distribution has been used in many studies
to describe the DSD before Ulbrich introduced the Gamma DSD (MGDSD) model [146].
EDSD is also a special case of the Gamma distribution DSD when m=0. In this section
EDSD parameters have been computed for the two fog attenuation events selected (of
Graz and Prague) and the results of the measured and computed quantities are compared
and analyzed. The methodology adopted to retrieve EDSD parameters corresponding to
the two sample fog event is discussed below, separately.

For Graz Fog Event Case

In order to compute EDSD parameters i.e., N0 and Λ against the two fog events recorded at
Graz and Prague, Maitra and Gibbins procedure is adopted [139]. This procedure considers
three nonlinear equations to determine three parameters of the lognormal distribution in
case of raindrops. This procedure is modified a little to compute two parameters of EDSD.
Consider the two Equations (3.3) and (4.7) again. The first Equation (3.3) computes fog
attenuation coefficient (dB/km) from Mie scattering efficiency and the respective DSD
(either EDSD or MGDSD), and the second Equation (4.7) computes the LWC (g/m3) from
the respective DSD. It is important to mention here that the measured attenuation data
considered is taken averaged over a minute scale for the computation of EDSD parameters.
The two EDSD parameters, namely, N0 and Λ can be computed theoretically by taking the
ratio of these above mentioned two equations [147],

γexp(950nm)
LWCexp

=
105 ∫

∞

0 Qd(2πr
λ

,n′)πr2C(r)dr

ρw
4
3
∫

∞

0 πr3C(r)dr
(5.21)

where ”exp” denotes the experimentally measured values. Then again,

γexp(950nm)
LWCexp

=
105 ∫

∞

0 CExtC(r)dr
4
3πρw

∫
∞

0 r3C(r)dr
(5.22)

Now if considering EDSD (Equation 5.20), then N0 can be eliminated and we are left to
deal with the only one EDSD parameter Λ. So Equation (5.22) becomes,

γexp(950nm)
LWCexp

=
105 ∫

∞

0 CExtexp(−Λr)dr
4
3πρw

∫
∞

0 r3exp(−Λr)dr
(5.23)
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This theoretically computed ratio between attenuations at 950 nm (γ) and the LWC can be
compared with the ratio of the same two parameters measured experimentally (the optical
attenuations measured at 950 nm and the LWC values approximated from fog density).
After comparing the two ratios; one experimentally measured values and the other theoret-
ically computed values (using EDSD) for each minute data, that optimal value of EDSD
parameter Λ is taken for which the residual of ratios between attenuation and the LWC
is minimum. Once, the instantaneous values of Λ are known for the whole fog event,
then equating its instantaneous values over the minute scale to the Equation (4.7), would
result in instantaneous values of N0 for the whole fog event. By this procedure, the two
parameters of the EDSD can be computed against a particular fog event.

For Prague Fog Event Case

In order to compute EDSD parameters for Prague fog event, two possibilities of taking the
ratios exist. One possibility is to take ratio between the two measured attenuations i.e., at
1550 nm and 850 nm, or to take the ratio between one of the measured attenuations (at
1550 nm or at 850 nm) and the LWC measured since measurement data contains values
for all these variables over a link distance of 100 m. We noticed an offset in the measured
values of LWC for Prague due to the measurement sensor (see for detail Section 5.4.2),
so the recorded values of LWC are not reliable. Therefore, for the computation of EDSD
parameters against the selected fog event of Prague we consider the ratio between two
measured attenuations i.e., 1550 nm and 850 nm. It is important to mention here that
the values of parameters considered for the computation are averaged on a minute scale.
Now in order to compute the ratios between the two attenuations (1550 nm and 850 nm)
theoretically, the final equation becomes [147],

γexp(1550nm)
γexp(850nm)

=

∫
∞

0 CExt1.55µ
exp(−Λr)dr∫

∞

0 CExt0.85µ
exp(−Λr)dr

(5.24)

where ”exp” denotes the experimentally measured values and γexp(1550nm) and γexp(850nm)
correspond to optical attenuations at 1550 nm and 850 nm, respectively. After comparing
the measured and computed attenuation ratios, the optimal value of EDSD parameter Λ

can be found so that the residuals of the two ratios is minimum. After knowing the values
of parameter Λ, the instantaneous values of second EDSD parameter N0 can be computed
from Equation (3.3).

5.2.3 Evaluation of the Distribution Parameters

The newly found distribution parameters of EDSD and MGDSD need to be evaluated in
terms of their suitability to accurately model a certain quantity. In order to determine how
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closely our measured attenuation data conform to a linear relationship, R2 test is conducted
that determines how closely a certain function fits a particular set of experimental data. R2

values range from 0 to 1, with 1 representing a perfect fit between the data and the line
drawn through them, and 0 representing no statistical correlation between the data and a
line. The R2 value (often referred to as the goodness of fit) is computed as follows [147],

R2 = 1− ∑(Yi−Y ′i )
2

∑(Yi− Ȳ )2 (5.25)

or,

R2 = 1− Error−Sum−o f −Squares(SSE)
Total−Sum−o f −Squares(SSTO)

=
Regression−Sum−o f −Squares(SSR)

Total−Sum−o f −Squares(SSTO)
(5.26)

where Yi represents an individual data point value, Y ′i represents the value obtained by
when the independent coordinate of this data point is input into the best-fit function (a line
in this case). Therefore, Y ′i represents the values of the data points projected onto the line
of best fit (the ideal values). Ȳ represents the average of the Yi values.

5.2.4 Statistics of the Distribution Parameters

In order to describe the variation of some physically meaningful quantities like optical
attenuations, LWC or ratio of optical attenuations etc., with some parameter like size of
the droplets or time, statistics are computed and evaluated.

Mean Value

Considering an arbitrary function g(r) that applies over the domain of the size distribution
C(r). The mean value of g is the integral of g over the domain of the size distribution i.e.,
0.1 µm to 50 µm, and weighted at each point by the concentration of the fog particles,

ḡ =
50∫

0.1

g(r)C(r)dr (5.27)

Once C(r) is known, it is always possible to determine ḡ for any desired quantity g.
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Median Value

A median is a numeric value that separates the higher half of a sample or a probability
distribution from the lower half. For an absolute continuous probability distribution with
probability density function PDF denoted by f, we have

P(X ≤ m) = P(X ≥ m) =
m∫
−∞

f (r)dr =
1
2

(5.28)

Standard Deviation

The standard deviation σr of a size distribution C(r) is the square root of the variance and
it shows how much variation is there from the mean value,

σr =
√

σ2
r (5.29)

5.3 Analysis of Measured Fog Events

In this section, the two fog events are first discussed on the basis of their time series atten-
uation behavior and the corresponding histograms are given of the measured quantities in
order to evaluate their behavior statistically. Finally, the measured statistics are provided
in tabular form in each sub-section.

5.3.1 Graz’s Fog Event of 18-19 Nov. 2009

The first fog event analyzed for the determination of optimum distribution parameters is
recorded at Graz over an 80 m FSO link operating at 950 nm. This fog event started at 3:15
pm on 18 Nov. 2009 and lasted at 7:50 am on 19 Nov. 2009. The total duration of this fog
event was about 990 minutes. Fig. 5.5 shows the time series of measured optical attenua-
tions and LWC against this recorded fog event. The maximum value of attenuation reached
up to 141 dB/km, with an average attenuation of about 93 dB/km and median attenuation
of about 111 dB/km when averaged over a minute scale. The corresponding analysis of
changes in attenuation shows that a maximum change of ± 37 dB/km was recorded with
an average variation of about 0.003 dB/km.

Fig. 5.6(a)-(d) shows the histograms of optical attenuations and the corresponding
changes in attenuations when measured over a second scale and averaged on a minute
scale, respectively. The histogram in Fig. 5.6-(e) shows the variation behavior of LWC
(g/m3) measured, while the histogram as shown in Fig. 5.6-(f) depicts the behavior of ratio
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Figure 5.5: Time series of attenuations (dB/km) and LWC (g/m3) at Graz

between measured optical attenuation and the LWC for the mentioned fog event. From
the analysis of the measured LWC data, it was observed that the maximum value of LWC
recorded against this fog event was about 0.394 (g/m3), while the average and median
values of LWC were about 0.1466 and 0.127 (g/m3). Table 5.3 summarizes the relevant
statistics of different parameters measured related to this fog event [144].

Parameters Attenuations Changes in Attenuation Attenuations Changes in Attenuation LWC
(dB/km) (dB/km) (dB/km) (dB/km) (g/m3)
seconds seconds minutes minutes minutes

Min. -0.03477 5.884 5.7369 -37.923 0.058612
Max. 142.6 -5.894 140.99 37.117 0.39044
Mean 65.15 -0.001096 93.51 0.002724 0.1466

Median 77.08 0 110.935 -0.009 0.12718
Std. dev. 53.33 0.9575 39.47 4.594 0.08144
Range 142.6 11.78 135.3 75.04 0.3318

Table 5.3: Statistics of measured optical attenuation (dB/km) and LWC (g/m3) against the
fog event of 18-19 Nov. 2009 at Graz

5.3.2 Prague’s Fog Event of 07 Feb. 2009

The second continental fog event selected was recorded at Prague on 07 Feb. 2009 over
a 100 m FSO link established with two parallel links using 1550 nm and 850 nm wave-
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Figure 5.6: Histograms of measured optical attenuations (dB/km), the LWC and ratio of
optical attenuations (dB/km) and LWC (g/m3) at Graz

lengths. The total duration of this fog event was 480 minutes. Besides the measurement of
optical attenuations and visibility range (m), liquid water content LWC (g/m3) and particle
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surface area PSA (cm2/m3) are also measured, in parallel, in order to demonstrate relation
between microphysical parameters of fog and the optical attenuations as shown by a time
series plot in Fig. 5.7(a)-(b). The LWC and integrated PSA are measured by the PVM-100
instrument during the duration of the fog event. From Fig. 5.7-(b) it is clearly visible that
measured optical attenuations are higher in case of 850 nm as compared to 1550 nm. Fig.
5.7(c)-(f) shows the histogram of measured attenuations at 1550 nm, measured LWC, ratio
between measured attenuations at 1550 nm to 850 nm, and the ratio between attenuations
at 1550 nm to LWC, respectively. Table 5.4 summarizes the relevant statistics of the men-
tioned measured parameters related to this fog event [144].
The maximum value of attenuation over 1550 nm link reached up to 111 dB/km, while

Parameters Visibility Range Attenuations (1550 nm) Attenuations(850 nm) LWC PSA
meters (dB/km) (dB/km) (g/m3) (cm2/m3)

minutes minutes minutes minutes minutes
Min. 148 27.41 27.62 0.022 0
Max. 1521 110.7 154.6 0.14 551.3
Mean 317.5 71.92 89.96 0.06942 248.8

Median 265.5 74.56 90.59 0.0695 237.5
Std. dev. 160.1 17.2 25.19 0.03229 118.5
Range 1373 83.27 127 0.118 551.3

Table 5.4: Statistics of measured optical attenuation (dB/km) and other parameters against
the fog event of 07 Feb. 2009 at Prague

on the parallel 850 nm FSO link the maximum value was about 155 dB/km. The average
and median values of optical attenuations were about 72 dB/km and 75 dB/km over 1550
nm, and 90 dB/km and 91 dB/km. For the determination of MGDSD parameters the at-
tenuation data measured with 1550 nm is only considered, and later on, using the same
computed MGDSD parameters the attenuations at 850 nm are computed for our further
analysis and comparisons.
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Figure 5.7: Time series of measured parameters against the fog event at Prague
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5.4 Analysis of Modified Gamma Drop Size Distribution (MGDSD)
Parameters

This section deals with the computation of three parameters m, Λ, and N0 of the MGDSD
by employing the iterative procedure to compute against the two fog events; Graz fog
event recorded on 18-19 Nov. 2009 and the Prague fog event recorded on 07 Feb. 2009.
The iterations of different combinations of two MGDSD parameters m and Λ are repeated
unless the residuals of the respective parameters to model are minimized.

5.4.1 MGDSD Parameters for Graz Fog Event of 18-19 Nov. 2009

In this section, first the performance analysis of the newly computed three MGDSD pa-
rameters m, Λ, and N0 will be presented by comparing the measured and computed optical
attenuations (dB/km) at 950 nm, measured and computed LWC (g/m3) and the ratio of
measured and computed attenuations (dB/km) at 950 nm to the LWC (g/m3). For the rep-
resentative Graz fog event, the computed quantities are attenuations at 950 nm, the LWC
and the ratio between attenuations at 950 nm to the LWC. These quantities are computed
from newly computed MGDSD parameters, by employing iterative procedure, using Equa-
tions (3.3), (4.7) & (5.21). This will be followed by an analysis of the computed quantities
and the respective three parameters of the MGDSD.

Performance Analysis of the Method

The DSD parameters corresponding to representative fog event of Graz are obtained by
Equations. (5.13) & (5.14). Fig. 5.8 shows the performance analysis of the newly com-
puted parameters of the MGDSD in terms of their computation of optical attenuations
(dB/km), LWC (g/m3) and the ratio between optical attenuations (dB/km) to the LWC
(g/m3). In the plot as shown in Fig. 5.8-(a), the optical attenuations computed are com-
pared with the actual measured attenuations at 950 nm. A strong correlation between
measured and computed optical attenuations exists as visible through R2 test and the corre-
sponding linear fitting applied. The equations related to linear fit along with the respective
value of R2 in case of measured and computed optical attenuations at 950 nm is [144],

Y = 1.0007∗X−0.0813, R2 = 0.9999 (5.30)

Fig. 5.8-(b) shows a comparison between the measured LWC (g/m3) (from fog density)
and computed values LWC (g/m3) (using MGDSD parameters). Here, again it is evident
that a very strong correlation exists between the measured and the computed values of the
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LWC as visible through the R2 test and the linear fitting applied. The resultant equation in
case of linear fitting with same R2 value is,

Y = 1.00∗X +1.1284×10−05, R2 = 0.9999 (5.31)

Same performance test was conducted in case of ratio between measured and computed
attenuations at 950 nm and the respective LWC as shown by Fig. 5.8-(c). It is clearly ev-
ident that here again the behavior of newly computed MGDSD parameters is sufficiently
acceptable as evident through R2 values obtained and the linear fit equation as given be-
low,

Y = 1.00∗X−0.0084807, R2 = 1 (5.32)

It is to remind that "Y" denotes the quantity computed and "X" denotes the quantity mea-
sured. On the basis of the performance analysis presented for the radiation fog event at
Graz, it is clearly evident that the proposed method performs exceptionally well in order
to retrieve MGDSD parameters corresponding to attenuations (dB/km), LWC (g/m3) and
the ratio between attenuations (dB/km) and LWC (g/m3). Since, the retrieved parameters
are in excellent agreement with the attenuations and LWC obtained from measurements,
therefore, this method can be quite useful in the study of fog microphysics and in modeling
the optical attenuations for terrestrial FSO links in radiation fog environments.

Figure 5.8: Performance test of measured and computed quantities based on newly com-
puted MGDSD parameters against the fog event at Graz

Analysis of the Computed Quantities and MGDSD Parameters

In Fig. 5.9 the histograms of residuals of the computed quantities (attenuations at 950 nm,
LWC and the ratio between attenuations at 950 nm and the corresponding LWC values
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computed from newly retrieved MGDSD parameters), and MGDSD parameters are pre-
sented that shows the behavior of these computed quantities and the MGDSD parameters
during the whole fog event of Graz. As visible through histograms of residual of com-
puted optical attenuations (dB/km) at 950 nm as shown in Fig. 5.9-(a), computed LWC
(g/m3) as shown in Fig. 5.9-(b), and the ratio between computed attenuations at 950 nm
and the LWC values as shown in Fig. 5.9-(c), the retrieved MGDSD parameters were quite
excellent in modeling the optical attenuations, and the corresponding value of LWC for
a radiation fog event. The mean and median values of computed optical attenuations at
950 nm are 93.49 dB/km and 110.9 dB/km with a standard deviation of about 39.51 for
the whole fog event. The analysis of the computed LWC values shows that the mean and
median values are about 0.1465 and 0.1268 (g/m3), respectively with a standard deviation
of about 0.08157 for the complete fog event. Similarly, by analyzing the ratio of computed
attenuations at 950 nm and the computed LWC, we observe a value of 737.0 and 598.4
for the mean and median values with a standard deviation of about 423.3, respectively.
The histograms as presented in Figs. 5.9-(d) to 5.9-(f) describe the behavior of the three
MGDSD parameters (Λ, m and N0) that are retrieved by the standard iterative procedure.
The mean, median values are 3.547 and 3.2 for Λ, 6.135 and 6.6 for m, and 3.834 and 4.01
for N0, respectively. Whereas, the values of the standard deviation corresponding to this
fog event are 1.935, 2.692 and 2.239 for Λ, m and N0, respectively. An analysis of the
computed MGDSD parameters m reveal that about 14.70 % of the its values are below 3.0,
and about 26.73 % are about within the range of 3.0 and 6.0, while major portion of its
values about 58.57 % are above a value 6.0. Analysis of the the computed values, for this
whole fog event, in case of second MGDSD parameter lambda (Λ) shows that about 11.62
% are below a value of 1.5, about 32.34 % are within the range between 1.5 and 3.0, while
a major portion about 56.04 % lies above a value of 3.0. Similarly, analyzing the values
obtained for the third MGDSD parameter i.e., N0, it was observed that about 22.14 % val-
ues are below 2.37 and remaining values about 77.86 % are all within the range between
2.37 and 607.5 [144].
Fig. 5.10 presents a comparison of newly computed MGDSD parameters with the mea-

sured attenuation (dB/km) for this fog event through a time series analysis. It is evident
through this plot that all these parameters of the MGDSD have a strong correlation with
the formation stage, maturity and the dissipation phase of this fog event. An increase in
attenuation, results in an increase in all three MGDSD parameters and vice versa. The
Table 5.5 summarizes the computed quantities and the three parameters of the MGDSD
for this fog event [144].

5.4.2 MGDSD Parameters for Prague Fog Event of 07 Feb. 2009

In this section, first the performance analysis of the newly computed three MGDSD pa-
rameters m, Λ, and N0 will be presented by comparing the measured and computed optical
attenuations (dB/km) at 1550 nm and 850 nm, measured and computed LWC (g/m3), the



164 5 Implementation of the Fog Attenuation Prediction Models

Figure 5.9: Histograms of residuals of computed quantities and the computed MGDSD
parameters Λ, m, and Log10(N0) against the fog event at Graz

ratio of measured and computed attenuations (dB/km) at 1550 nm to the LWC (g/m3),
and the ratio of measured and computed attenuations (dB/km) at 1550 nm to attenuations
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Figure 5.10: Time series of measured optical attenuation (dB/km), and the newly computed
MGDSD parameters Λ, Log10N0, and m against the fog event at Graz

(dB/km) at 850 nm. This will be followed by an analysis of the computed quantities and
the respective three parameters of the MGDSD corresponding to this fog event.
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Parameters Attenuations LWC Λ N0 m
(dB/km) (g/m3) µm−1 cm−3 · µm−1

minutes minutes
Min. 0 0 0.2 -5.0 0.1
Max. 140.99 0.3904 9.9 8.44 10
Mean 93.49 0.1465 3.547 3.834 6.135

Median 110.9 0.1268 3.2 4.01 6.6
Std. dev. 39.51 0.08157 1.935 2.239 2.692
Range 141 0.3904 9.7 13.44 9.9

Table 5.5: Statistics of computed optical attenuation (dB/km), LWC (g/m3) and corre-
sponding MGDSD parameters against the fog event of 18-19 Nov. 2009 at
Graz.

Performance Analysis of the Method

After the retrieval of DSD parameters using Equations (5.16) and (5.17) from the ratio
of optical attenuations at 1550 nm to the LWC, we first analyze the performance of com-
puted attenuations at 1550 nm, at 850 nm, computed LWC and the ratio between computed
attenuations at 1550 nm to the LWC on the basis of newly computed three MGDSD pa-
rameters by this method for the selected fog event recorded on 07 Feb. 2009 at Prague.
Fig. 5.11(a)-(d) shows the scatter plots between measured and computed attenuations at
1550 nm, at 850 nm, LWC and the ratio between attenuations at 1550 nm to the LWC,
respectively. The linear fit equations obtained along with their respective R2 values, by
above mentioned two equations, for the case of measured and computed attenuations at
1550 nm, at 850 nm, measured and computed LWC and the ratio between measured and
computed attenuations at 1550 nm to the LWC are given below, respectively [144].

Y = 0.9894∗X +0.7428, R2 = 0.9797 (5.33)

Y = 0.5636∗X +13.265, R2 = 0.8758 (5.34)

Y = 0.9∗X +0.0083, R2 = 0.9345 (5.35)

Y = 0.6∗X +4.2×10+02, R2 = 0.8383 (5.36)

It is to remind that "Y" denotes the quantity computed and "X" denotes the quantity mea-
sured. We observe that the R2 values, as obtained in the above mentioned four equations,
are not as good as they are in case of Graz fog event, even after removing the outliers in the
measured attenuations and LWC values. Upon analyzing the data, it seems that there was a
slight offset in the values of LWC measured by the measuring device and so requires proper
calibration. We noticed, that on the average, a difference of about 1 % exists between the
actual measured LWC values and the values of LWC computed by MGDSD parameters.
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Due to this offset the LWC measurement device measured LWC values which were about
1 % lesser than the actual values, on the average, when compared with the LWC values
computed using MGDSD parameters. That is why a relatively weaker correlation existed
between the measured and the computed LWC values and as a consequence it affected the
computed attenuation values at 850 nm and the ratio between attenuations at 1550 nm to
the LWC, as evident through R2 test values obtained in above mentioned equations.

Due to the above mentioned problem, we again retrieved DSD parameters for this se-

Figure 5.11: Performance test of measured and computed quantities based on newly com-
puted MGDSD parameters from ration between measured and computed at-
tenuations at 1550 nm to the corresponding LWC against the fog event at
Prague

lected fog event (by the same iterative procedure) but now from the ratio of attenuations at
1550 nm to 850 nm by using Equations (5.18) and (5.19) given above. The linear fitting
equations, along with respective R2 values, obtained now for optical attenuations at 1550
nm, attenuations at 850 nm and the ratio between attenuations at 1550 nm to 850 nm are
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given below in order [144].

Y = 1.00∗X−2.8×10−14, R2 = 1.0 (5.37)

Y = 1.00∗X +0.00043, R2 = 1.0 (5.38)

Y = 1.00∗X−0.0001, R2 = 1.0 (5.39)

We observe now a very good correlation between the measured and computed attenuation
values and their ratio, duly evident by respective R2 values obtained and the corresponding
linear fit applied over the scatter plots between measured and computed attenuations at
1550 nm, at 850 nm, and the ratio between attenuations at 1550 nm to 850 nm as shown
in plots shown in Fig. 5.12(a)-(c). Thus, in general it is quite evident that the proposed
method based on standard iterative technique performs exceptionally well towards the re-
trieval of MGDSD parameters from the optical attenuations (dB/km) and the LWC (g/m3).
The proposed method can be quite useful towards the study of fog microphysics at a par-
ticular place and in modeling the optical attenuations for terrestrial FSO links in different
fog environments.

Figure 5.12: Performance test based on newly computed MGDSD parameters the ratio of
attenuations at 1550 nm to 850 nm, between measured and computed quanti-
ties against the fog event at Prague

Analysis of the Computed Quantities and MGDSD Parameters

In order to perform analysis of the computed parameters of MGDSD for the Prague fog
event case, histograms of residuals of actual measured and computed quantities (optical
attenuations (dB/km) at 1550 nm, at 850 nm, the ratio of measured and computed atten-
uations at 1550 nm to 850 nm), and the three computed MGDSD parameters m, Λ and
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N0 (using standard iterative procedure) are shown in Fig. 5.13. As evident through the
histograms of residuals of measured and computed optical attenuations at 1550 nm as
shown by Fig. 5.13-(a), residual of measured and computed attenuations at 850 nm as
shown by Fig. 5.13-(b), and the residual of measured and computed ratio of attenuations
(1550 nm/850 nm) as shown by Fig. 5.13-(c), the retrieved MGDSD parameters are quite
accurate in modeling the optical attenuations for this representative radiation fog event.
Excellent results are achieved for the selected fog event at Prague as were achieved in the
case of representative fog event of Graz, and thus the proposed method is accurate enough
to model the optical attenuations in radiation fog environments.
Just for the sake of comparison, Fig. 5.14(a)-(f) shows the residuals of computed attenua-
tions at 1550 nm, LWC, ratio between attenuation at 1550 nm to corresponding LWC and
the three MGDSD parameters Λ, m, and the Log10N0, respectively. From the comparison
of Figs. 5.13 and 5.14, it is quite clear that for Prague the proposed iterative procedure
(i.e., comparing attenuations over LWC) that is used to retrieve the MGDSD parameters
performs equally well in the similar fashion as it was for the selected fog event for Graz.
However, because of a small offset in the LWC measuring device and flexibility of having
another measured quantity (attenuations at 850 nm), we slightly modified the procedure
and then again retrieved MGDSD parameters from ratio of attenuations at 1550 nm to 850
nm. It was quite clear that the proposed iterative procedure performs exceptionally well
towards the retrieval of MGDSD parameters [144].
An analysis of the computed optical attenuations reveals that the maximum attenuation
value, for the 1550 nm wavelength, using retrieved MGDSD parameters is about 110.7
dB/km, whereas the mean and median values are about 71.92 and 74.56 dB/km, respec-
tively with a standard deviation of about 17.2. An analysis of the computed attenuations
at 850 nm shows that the maximum value reached is about 154.5 dB/km and the mean
and median values are about 89.96 and 90.59 (dB/km) with a standard deviation of about
25.19. The histograms as shown in Fig. 5.13-(d) to 5.13-(f) reveal the behavior of the three
computed MGDSD retrieved by iterative procedure against this representative fog event.
The mean and median values are 3.933 and 3.9 for m, 6.669 and 6.8 for Λ, and 6.81 and
6.918 in case of Log10(N0). A further analysis of these three parameters shows that in case
of parameter m, about 35.20 % values are less than 3.0, about 45.20 % are within the range
3.0 and 6.0 and about 19.58 % are above a value of 6.0. Similarly, analyzing the values
of Λ retrieved against the whole fog event show that about 0.4 % are below a limit of 1.5,
about 2.5 % are within the range 1.5 and 3.0, while a major portion of the computed values
for Λ, about 97.08 %, are above a value of 3.0. A similar analysis of the 3rd parameter N0
reveals that about 0.833 % are below a value of 2.37 and the remaining values about 99.16
% lie within the range between 2.37 and 607.5 [144].

In order to study the behavior of these three computed MGDSD parameters during the
whole fog event, Fig. 5.15 shows the time series of plot between the measured attenuation
and the three retrieved MGDSD parameters. During the early phase of the representative
fog event (fog formation stage) and the last phase (fog dissipation stage) of the fog event
there exist a strong correlation between all three MGDSD parameters and the measured
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Figure 5.13: Histograms of residuals of computed quantities and the newly computed
MGDSD parameters m, Λ, and Log10N0 retrieved by taking ratio of atten-
uations at 1550 nm to 850 nm, against the fog event at Prague
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Figure 5.14: Histograms of residuals of computed quantities and the newly computed
MGDSD parameters Λ, m, and Log10N0 retrieved by taking ratio of atten-
uations at 1550 nm to LWC, against the fog event at Prague
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attenuations at 1550 nm. With the increase in attenuation, a corresponding increase in all
these three parameters of MGDSD is observed and vice versa. Whereas, during the ma-
turity stage of the fog event, fog attenuations are in high correlation with parameter N0 as
compared to the other two parameters. This time series behavior of the three parameters of
MGDSD is exactly the same as observed in case of their influence for the Graz fog event
case. Thus it can be safely concluded that the fog distributions at the two locations Graz
and Prague are closely the same and they behave in the similar fashion during different
phases of the continental fog event. Moreover, it may also be concluded that the MGDSD
parameters for similar kind of fog environments may have the same behavior of DSD pa-
rameters. The Table 5.6 summarizes the computed quantities and the three parameters of
MGDSD for the representative fog event of Prague [144].

Hence, we may safely conclude that the observed behavior of the three parameters of

Parameters Attenuations at 1550 nm Attenuations at 850 nm Ratio of Attenuations Λ N0 m
(dB/km) (dB/km) (1550 nm / 850 nm) µm−1 cm−3 · µm−1

minutes minutes minutes
Min. 27.41 27.62 0.5693 0.3 -5.953 0.1
Max. 110.7 154.6 1.045 10.0 8.515 10.0
Mean 71.92 89.96 0.8124 6.669 6.81 3.933

Median 74.56 90.59 0.8194 6.8 6.918 3.9
Std. dev. 17.20 25.19 0.07235 2.071 1.221 2.128
Range 83.27 127.0 0.4753 9.7 14.47 9.9

Table 5.6: Statistics of computed optical attenuation (dB/km), LWC (g/m3) and corre-
sponding MGDSD parameters against the fog event of 07 Feb. 2009 at Prague.

MGDSD for the two selected continental locations is closely the same. The behavior of
these three parameters is found in a very high correlation with the measured and com-
puted attenuations. Therefore, it may also be concluded that the MGDSD parameters for
similar kind of fog environments may use the same DSD model in order to characterize a
particular type of fog for the terrestrial FSO links.
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Figure 5.15: Time series of measured optical attenuations (dB/km), and the corresponding
newly computed MGDSD parameters Λ, Log10N0 and m against the fog event
at Prague
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5.5 Analysis of Exponential Drop Size Distribution (EDSD)
Parameters

In this section the analysis of computed EDSD parameters is being discussed for the two
mentioned fog events. First the histograms are shown of the computed quantities and
then the time series of computed EDSD parameters is compared with the measured optical
attenuations for Graz and Prague at 950 nm and 1550 nm, respectively. The measured
statistics are given in tabular form for each fog event, and the computed EDSD parameters
goodness is evaluated through R2 fitting between the measured and computed quantities.

5.5.1 EDSD Parameters for Graz Fog Event of 18-19 Nov. 2009

In the first part of this section the performance analysis of the proposed method is presented
on the basis of comparison between measured and computed quantities. The computed
quantities are the optical attenuations (dB/km) at 950 nm, the LWC (g/m3) and the ratio
between attenuations at 950 nm to the LWC as given by Equations (3.3), (4.7) and (5.21),
respectively. The DSD considered now is the EDSD as given by the Equation (5.20). These
mentioned quantities are computed by considering the newly computed EDSD parameters,
which are computed by standard iterative procedure (see Section 5.2.2). The performance
analysis of the proposed method based on comparison between measured and computed
quantities is presented under the performance analysis section. This is followed by a de-
tailed statistical analysis of the behavior of computed quantities and the EDSD parameters
[147].

Performance Analysis of the Method

To test the performance of measured EDSD parameters for the Graz fog event, a scatter
plot between measured and computed attenuations (dB/km), the LWC (g/m3), and the ra-
tio between attenuation and LWC is drawn as shown in Fig. 5.16. In Fig. 5.16(a)-(c) based
on the performance test, the plots between measured and computed optical attenuations
(dB/km) at 950 nm, the LWC, and ratio between optical attenuations/LWC is shown re-
spectively. It is important to remember that the optical attenuations at 950, and the LWC
against the fog event of 18-19 Nov. 2009 at Graz are computed by utilizing the Equations
(3.3) & (4.7), from those two EDSD parameters for which the difference between ratio
of measured and computed quantities (consider Equation (5.21) is minimum. The linear
curve fitting is applied on all three quantities and a very accurate results are obtained for
R2 test as for measured and computed attenuations its value is R2=0.9957 as shown in Fig.
5.16-(a), for the case of measured and computed LWC its value is R2=1 as shown in Fig.
5.16-(b), and for the ratio between measured and computed attenuations to LWC its value
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Figure 5.16: Performance test of measured and computed quantities for a fog event at Graz

is R2=0.9976 as shown in Fig. 5.16-(c). The resultant equations of the linear fit applied
over the three quantities i.e., measured and computed optical attenuations, LWC and the
ratio between optical attenuations and the LWC are [147],

Y = 1.00∗X−0.2131, R2 = 0.9957 (5.40)

Y = 1.00∗X−1.3×10−6, R2 = 1 (5.41)

Y = 0.9974∗X +0.22, R2 = 0.9976 (5.42)

Here "Y" denotes the quantity computed and "X" denotes the quantity measured.

Analysis of the Computed Quantities and EDSD Parameters

Fig. 5.17(a)-(f) shows the histograms of the computed optical attenuations, residual of
optical attenuations at 950 nm, residual of LWC, residual of ratio between optical attenua-
tion to the corresponding LWC, and the two computed EDSD parameters (Λ and Log10N0)
against the fog events of Graz. It is visible through histogram as shown in Fig. 5.17-(a) that
the average and median attenuations values for the computed attenuation are about 93.62
dB/km and 108.6 dB/km, and has a standard deviation of about 39.79 dB/km in compar-
ison to mean and median of measured attenuations about 93 dB/km and 111 dB/km and
having standard deviation of about 53.3 dB/km. The histogram in Fig. 5.17-(b) shows the
residual of measured and computed attenuations at 950 nm. Similarly, Fig. 5.17-(c) re-
veals that residual of measured and computed LWC. In case of computed LWC, the mean
and median values of LWC are about 0.1466 g/m3 and 0.1272 g/m3 with a standard de-
viation of about 0.08144 g/m3. Whereas, in case of measured LWC, these values were
about 0.1466 g/m3, 0.12718 g/m3, and 0.0814 g/m3, respectively. The histogram as shown
in Fig. 5.17-(d) shows the residual of ratio between measured and computed attenuation
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at 950 nm to the LWC. Finally, the histograms as shown in Figs. 5.17(e)-(f) correspond
to the newly computed EDSD parameters Λ and Log10N0, respectively. An analysis of
these two parameters reveal that the mean, median and standard deviation values of these
parameters were 3.75, 3.89, 0.9012, and 1.179, 1.0 and 0.6034, respectively. Analyzing
the computed values of the two EDSD parameters, it is observed that in case of parameter
Λ, about 72.2% of values computed are less than a value of 1.5, about 26.9 % are between
1.5 and 3.0, while about 0.1 % are greater than a value of 3.0. Similarly, for the parameter
Log10N0 it is observed that about 10.10 % values are less than 2.37, while about 89.90 %
values are within the range of 2.37 and 607.5 [147].

It would be interesting to see the behavior of the computed EDSD parameters for this
whole fog event. Fig. 5.18 shows the time series of the two EDSD parameters Λ and N0
along with the measured attenuation (dB/km) at 950 nm. As evident from Fig. 5.18 that
the two newly computed EDSD parameters are generally in good correlation with the mea-
sured attenuations at 950 nm. Overall, the value of the correlation coefficient in case of
comparison between measured attenuation at 950 nm and EDSD parameters Λ and N0 for
the whole fog event is about 0.4284 and 0.7493, respectively. While during formation, ma-
turity and dissipation phases the values of the correlation coefficient between parameter Λ

and measured attenuations at 950 nm are 0.7859, 0.3570, 0.7358, respectively. Similarly,
the values of correlation coefficient between measured attenuations at 950 nm and the
EDSD parameter N0 during formation, maturity and dissipation phases of the mentioned
fog event are 0.7975, 0.6990 and 0.8935, respectively. This shows that optical attenuations
are in relatively in stronger correlation with the EDSD parameter N0 as compared to the
parameter Λ. Table 5.7 summarizes the statistics of the computed attenuations (dB/km),
LWC (g/m3), their ratio and of the two computed EDSD parameters [147].

From the analysis and study of the selected Graz fog event, it is quite evident that the

Parameters Attenuations LWC Attenuations / LWC Λ N0
(dB/km) (g/m3) (dB/km)/(g/m3)
minutes minutes minutes

Min. 5.182 0.05861 55.68 0.08 -0.4074
Max. 149.10 0.3904 2107 3.2 5.406
Mean 93.62 0.1466 736.9 1.179 3.754

Median 108.6 0.1272 599 1.0 3.892
Std. dev. 39.79 0.08144 422.8 0.6034 0.9012
Range 143.9 0.3318 2051 3.12 5.814

Table 5.7: Statistics of computed optical attenuation (dB/km), LWC (g/m3) and corre-
sponding EDSD parameters against the fog event at Graz

proposed method is quite accurate while computing the EDSD parameters against the mea-
sured attenuations. This suggests that the same method can be used to predict, from fog
attenuations of other fog events, the EDSD parameters with quite high accuracy. More-
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Figure 5.17: Histograms of computed quantities and parameters against the fog event at
Graz

over, the computed EDSD parameters can be useful for the scientists interested in the
understanding of fog microphysics and the related meteorological processes for providing
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Figure 5.18: Time series of measured attenuation and the newly computed EDSD parame-
ters Λ and Log10(N0) against the fog event at Graz

improved diagnostics of fog attenuation potential for the terrestrial FSO links. By this way,
the computed DSD parameters can be used in the simulation models to predict fog atten-
uations to know about the level of attenuations and then adjusting appropriate link margin
so that sufficiently high level of availability and quality of service of FSO links may be
guaranteed for a particular environment like fog.

5.5.2 EDSD Parameters for Prague Fog Event of 07 Feb. 2009

The same procedure, as adopted in case of computation of EDSD parameters for Graz
fog event, is used in case of Prague fog event of 07 Feb. 2009. The optical attenuations
(dB/km) at 1550 nm and 850 nm and their ratios are computed by considering Equa-
tions (3.3) and (5.24). The DSD considered here is the EDSD as given by the Equation
(5.20). These computed quantities are then compared to their corresponding actual mea-
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sured quantities, in order to evaluate the performance of newly computed EDSD parame-
ters under the performance analysis section. The performance analysis section is followed
by statistical analysis of the computed quantities and the EDSD parameters.

Performance Analysis of the Method

The plot as shown in Fig. 5.19 represents the performance analysis of the newly com-
puted EDSD parameters and compares the results of measured and computed attenuations
at 1550 nm and 850 nm as shown by Fig. 5.19(a)-(b), while compares the ratio between
attenuations at 1550 nm and 850 nm in Fig. 5.19-(c) for the Prague fog event. It is clearly
evident from this plot that the newly computed EDSD parameters perform sufficiently
well as represented by the value attained through performance analysis test (R2 test) for
the mentioned fog event.
For the representative fog event of Prague, the linear equations obtained in case of com-

Figure 5.19: Performance analysis of measured and computed quantities against the fog
event at Prague

parison between the measured and computed attenuations at 1550 nm and at 850 nm are
given by Equations (5.43) and (5.44), respectively [147].

Y = 1.00∗X−2.8e−14, R2 = 1 (5.43)

Y = 1.00∗X−0.32, R2 = 0.9996 (5.44)

Here "Y" denotes the quantity computed and "X" denotes the quantity measured. While
the linear fit equation in case of the ratio between attenuations at 1550 nm to 850 nm is
given by,

Y = 1.00∗X−0.011, R2 = 0.9951 (5.45)
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Analysis of the Computed Quantities and EDSD Parameters

Fig. 5.20 shows the histograms of the residuals of measured and computed attenuations
at 1550 nm and the ratio between measured and computed attenuations at 1550 nm and
850 nm, and the two newly computed EDSD parameters Λ and Log10(N0) for the Prague
fog event. The histogram as shown by Fig. 5.20-(a) represents the residual of measured
and computed attenuations in dB/km at 1550 nm. While the histogram as shown in Fig.
5.20-(b) represents the behavior of the residual of ratio between measured and computed
attenuations in dB/km at 1550 nm to 850 nm. It was observed that the mean and median
values of ratio between the two attenuation are about 0.00710 and 0.00715 with maximum
ratio reaching up to 0.0363 while the value of standard deviation for the whole fog event
is about 0.007195. Fig. 5.20-(c) and Fig. 5.20-(d) represents the behavior of the computed
EDSD parameter Λ and Log10(N0), respectively. It is observed that the mean and median
values of the Λ parameter are about 2.891 and 2.9 for the whole fog event with maximum
value of this parameter reaching to about 4.3. The standard deviation is about 0.3649 for
the whole fog event. While for N0 the mean and median values are about 11.71 and 11.74,
respectively with a standard deviation of about 0.6395. The minimum and maximum val-
ues of parameter N0 are 9.369 and 12.97, respectively [147].

It would be interesting to see the behavior of the two EDSD parameters related to this
whole fog event also. Fig. 5.21 shows the time series of measured attenuations at 1550
nm and the two EDSD parameters for the whole duration of the fog event. As can be seen
that, like the case of Graz fog event, generally the two parameters are in good correlation
with the measured attenuations at 1550 nm. Particularly, the measured optical attenuations
at 1550 nm has comparatively stronger correlation with EDSD parameter N0 compared to
parameter Λ during formation, middle and dissipation phases of the mentioned fog event.
It is observed that the value of the correlation coefficient in case of parameter N0 for for-
mation, maturity and dissipation phases is 0.8892, 0.7375 and 0.5695, respectively. While
for the case of parameter Λ, the values of correlation coefficient for formation, maturity
and dissipation stages are 0.7468, 0.4068 and 0.2202, respectively. For this mentioned fog
event, Table 5.8 summarizes the computed results and the corresponding EDSD parame-
ters [147].
From the analysis of the newly computed EDSD parameters of the Prague fog event case,

it was observed that most of the computed values of parameter Λ about 63.12 % lie within
the range between 1.5 to 3.0. While the rest of the values about 36.87 % are greater than
the value of 3.0. This is contrary to the Graz fog event where most of the values about
72.2 % were below the value of 1.5. And the values of the 2nd EDSD parameter N0, all lie
within the range between 2.37 and 607.5. This behavior of parameter N0 is similar to the
behavior of this parameter for the Graz fog event, where about 90 % of the values of this
parameter lie within this mentioned range [147].

From the analysis of the two selected fog events recorded from two different locations
and the comparison of their computed EDSD parameters computed with the measured at-



5.5 Analysis of Exponential Drop Size Distribution (EDSD) Parameters 181

Figure 5.20: Histograms of residual of measured and computed quantities and the newly
computed EDSD parameters Λ and Log10(N0) against the fog event at Prague

tenuations (see Figures 5.18 & 5.21), it is quite visible that the time series behavior (trend)
of the two EDSD parameters during the formation phase (early stage), the maturity phase
(middle stage) and the dissipation phase (last stage) is closely the same for the two lo-
cations. Moreover, the computed parameters are in high correlation with the measured
attenuations. Up to the best of my knowledge, no prior record of the standard EDSD pa-
rameters exists in the literature related to continental fog conditions. Therefore, its difficult
to compare the computed results with some standard models as we observe a difference in
the observed mean and median values of the two EDSD parameters for Graz and Prague,
especially the parameter N0 (see Table 5.7 & Table 5.8 for comparison). This behavior is
expected as the measured attenuations are not the same. The difference in the distribution
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Figure 5.21: Time series of measured optical attenuation at 1550 nm, and the EDSD pa-
rameters Λ, and Log10(N0) against the fog event at Prague

parameter values may be attributed to the range of attenuation values recorded for the both
locations, since the sample data corresponding to Graz fog event contains attenuation val-
ues that are mostly in the higher range approaching 100 dB/km for the major portion of
time as compared to the Prague fog event. It is to be noted that the Graz fog event contains
attenuation data of about 990 minutes with mean and median of 65.15 dB/km and 77.08
dB/km, respectively. Whereas Prague data has only 480 minutes of attenuation data with
mean and median around 71.92 dB/km and 74.56 dB/km, respectively [147].
Although, the statistics showing the behavior of continental fog at two locations are derived
from a limited samples from two fog events, one fog event from Graz and one from Prague.
Hence, they do not necessarily represent the true behavior of continental fog microphysics
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Parameters Ratio of Attenuations Ratio of Attenuations Λ N0
(1550 nm/850 nm) (1550 nm/850 nm)

Measured Computed
Min. 0.5692 0.5663 1.9 9.369
Max. 1.045 1.008 4.3 12.97
Mean 0.8124 0.8053 2.891 11.71

Median 0.8194 0.8007 2.9 11.74
Std. dev. 0.07234 0.07302 0.3649 0.6395
Range 0.4753 0.4421 2.4 3.603

Table 5.8: Statistics of computed EDSD parameters against the fog event of 07 Feb. 2009
at Prague

and its modeling with EDSD. The main focus of the work presented in this thesis is on the
method to retrieve DSD parameters corresponding to EDSD and MGDSD, and not on the
values of the DSD parameters computed. The proposed method yields excellent results
towards the computation of EDSD parameters from this study and gives us a slight insight
of the EDSD parameters behavior corresponding to the selected fog events. More sample
data is thus required from different locations in order to refine the EDSD parameters com-
puted related to continental fog that truly represent the continental fog microphysics and
its influence on the optical signal transmissions.

5.6 Final Discussion

The results presented in this thesis related to the computation of optimal set of DSD (EDSD
and MGDSD) parameters are derived from a very limited sample data set (only two rep-
resentative fog events). The statistical results from this research may not represent the
true behavior of the fog microphysics at Graz, Prague and Milan. However, more data is
needed from different locations in order to draw some concrete results that represent the
actual cloud/fog microphysics and modeling its influence on the optical signal transmis-
sions for terrestrial FSO links.
Apart from the obtained statistical results related to continental fog at Graz and Prague, the
performance of the proposed method is quite excellent in computing optimal set of DSD
parameters from optical attenuations and the LWC values. This method may be useful for
the meteorologists and engineers who want to study fog/cloud microphysics but do not
have the instruments to directly measure the fog related physical parameters and have only
FSO links related attenuation data. Moreover, this proposed method is equally useful in
order to compute optimal set of DSD parameters (EDSD and MGDSD) related to any fog
type, snow, rain and clouds from corresponding optical attenuations, provided there exists
some physical parameter (like Liquid water content or particle surface area etc.,) related
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data.
Although, we obtained excellent results for the selected continental fog events with the
proposed procedure to compute EDSD and MGDSD parameters, as the performance of
both drop size distributions is exactly alike. However, in situ measurements related to fog
and cloud suggests that MGDSD is more better than any other distribution to characterize
the fog and cloud size distributions [99, 148]. Hence it is better to use MGDSD model in
order to study the fog microphysics and its related characteristics.

5.7 Summary about Implementing Attenuation Prediction Models

In order to study the characteristics of fog using the free-space optical wireless links, we
adopted Maitra and Gibbins technique, that employs iterative procedure, to compute three
distribution parameters of a modified gamma distribution. For the mentioned purpose
two individual radiation fog events were analyzed, one each at Graz and Prague, mainly
to indicate the effectiveness of the technique adopted to obtain near-instantaneous radia-
tion fog droplets size distribution in terms of modified gamma distribution. Based on the
performance analysis of the mentioned techniques, it was observed that this technique is
quite useful in terms of simplicity and efficiency and yield excellent results while com-
puting optimal parameters for the MGDSD. The newly computed three parameters of the
modified gamma distribution, both for Graz and Prague locations, are consistent with the
previously computed distribution parameters existing in the literature and are in a very
strong correlation with the actual measured quantities like optical attenuations and the
LWC. Hence it may safely be inferred that the behavior of computed MGDSD parameters
at both mentioned locations is quite similar which implies that the radiation fog behavior
at both locations is somewhat similar. This proposed techniques seems to be very useful
in computing the distribution parameters at some particular location, for the FSO links,
in situations where the measurement of most of the microphysical parameters is not fea-
sible besides measurement of optical attenuations. The computation method of retrieving
MGDSD parameters using Marsaglia method is somewhat difficult to simulate and may
not yield accurate results in comparison to Maitra and Gibbins method based on iterative
procedure to accurately compute the EDSD and MGDSD parameters.
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Free-space optics is an assertive access technology, installed in telecommunications net-
works basically for the last mile access, provides very high data rates comparable to fiber
optics with greater economic efficiency. The FSO has successfully established itself in
several areas of the world of telecommunications such as secure connections for mili-
tary applications, high definition television and temporary broadband connections ("Fiber
backup"). However, this technology is subject to certain number of constraints and chal-
lenges imposed mainly by the environmental factors, that degrade its link performance,
and hence limit its spread to most telecommunications networks. Although in the last
few decades, much research work has been done on various aspects of modeling the atmo-
spheric free-space channel for different environmental factors, but significant breakthrough
could not be achieved in overcoming, especially, the deleterious fog effects. The main dif-
ficulties towards theoretical characterization of the free-space atmospheric channel are

• the unavailability of extensive and accurate weather parameters database

• the need to identify main influencing parameters of the meteorological effects and
study of their impact on the propagation of optical signals in free-space

• the unavailability of enough experimental data of optical attenuations (especially for
different fog environments)

Further difficulty is experienced in the validation of empirical models through some mi-
crophysical models: comparisons between models and measurements cannot be explicitly
made mainly due to the unavailability of simultaneous measurement of microphysical pa-
rameters along with the measured fog attenuations at the site of FSO deployment. More-
over, the microphysical characteristics of a particular fog type change with the location
to location, and even at a particular location it change with time. Thus to optimize the
design methodologies for future FSO systems, there is a need to construct a statistical-
dynamical channel model for optical wireless communications especially for different fog
environments, which is reliable enough generally in counteracting the dynamic channel
impairments in an efficient manner.

185



186 6 Conclusions

6.1 Achieved Work

The free-space optics work in the field of optical waves in the visible and near infrared
spectral range for which the optical components used to provide broadband. To enhance
the robustness of FSO link improved atmospheric effect (attenuation and scintillation) mit-
igation is required. So, we are interested to study the attenuation of optical radiations (in
this spectral range) during propagation through the free-space atmosphere in general and
through fog in particular. Different aspects of optical wireless communication systems
have been investigated in depth in this thesis. In s chapter 2, the influence of Earth at-
mosphere on the transmission of optical signals, its composition, characteristics and those
particles that may be present have been revised. The physical phenomena that occur dur-
ing propagation of radiation through the atmosphere and causing the extinction, namely
the absorption and scattering were detailed from a theoretical point of view. In particular,
the problem of scattering of light by spherical particles was studied from the theory of Mie
scattering. We have evaluated various models that allow us to calculate the attenuation
of optical radiation in the atmosphere, especially in the presence of fog (visibility range
less than 1 kilometer). Few deterministic (Mie scattering and Ray tracing models) and
the empirical models (Kruse, Kim, Al Naboulsi, and Bataille models), that are either a
functions of wavelength or the visibility range, are discussed. These models can be em-
ployed to model optical attenuations under reduced visibility range conditions (such as fog,
snow and rain) for optical signals lying in the 0.5 µm to 2.4 µm wavelength range. Fur-
thermore, for the sake of completion of discussion other atmospheric channel effects like
atmospheric absorption, turbulence or scintillation, solar influence, effect of background
radiation, beam wander and beam spreading are also discussed in sufficient detail.

As it is reported, fog remains the most important problem that limits the availability of ter-
restrial FSO links. The performance of a terrestrial FSO system and its ability to overcome
the presence of fog in the atmosphere are strongly related to the spectral dependence of
attenuation on the transmitted optical signals. In studies on the spectral dependence, opin-
ions remain divergent choosing the best suited wavelength for a particular type of FSO
transmission and hence there remains a disagreement between the designers of these sys-
tems. In chapter 3, the important results of fog attenuation studies conducted at different
locations in Europe (Graz, Milan, Prague and Nice) and their comparisons on the basis of
well established empirical models (mainly Kruse and Kim models) have been reviewed.
The detailed analysis and comparison of radiation fog and advection fog has proved their
distinctly different behavior and it reveals that the Kim model describes well the reality
than the Kruse model. It was observed that while employing Kruse model the attenua-
tion decreases as the wavelength increases regardless of visibility range (i.e., FSO system
operating at 10 micron is more efficient than a system operating at 950 nm). Whereas,
Kim model states there is no spectral dependence of optical attenuation for values of vis-
ibility below 500 m. Upon experimental verification of these models using radiation fog
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attenuation data (collected at Graz, Milan and Prague) and advection fog data (recorded
at Nice), it was noticed that for the case of moderate fog conditions (radiation as well
as advection fog) both Kim and Kruse models are equally acceptable and, therefore, we
cannot prefer one model over the other. But in case of dense fog conditions (radiation as
well as advection fog) for visibility range lesser than 500 m, Kim model performs better
than the Kruse model. The results indicate that for stable fog conditions (like those in
Graz, Milan and Prague) no availability of the FSO link can be improved with channel
coding mechanism, however, for advection fog case, appropriate coding schemes can be
used in order to improve the FSO link availability. But in any case very high attenuations
cannot be compensated by employing higher state coded-modulation schemes alone. A
brief but comprehensive analysis of measured optical attenuations corresponding to dry
snow and rain conditions reveals that rain attenuations are not much significant in terms of
their impact on terrestrial FSO links even for the case of heavy rain. However, dry snow
attenuations are quite significant and in situations the corresponding optical attenuations
can exceede quite easily the maximum allowable link margin of the FSO systems. The dry
snow attenuations are highly dependent on the snowflake size, and the snowflake fall rate.

Since intricate relationships exist between fog microphysics and the fog characteristics,
therefore, microphysical properties that shape up the fog microstructure like especially fog
droplets number density and liquid water content alongside dependence on fog tempera-
ture and the relative humidity, were investigated in chapter 4. For that reason an analysis
of the environmental conditions associated with radiation and advection fog has been pre-
sented using observations made at different locations around Europe. Preferred weather
scenarios and physical processes influencing the formation and dissipation of fog were
also identified. A preliminary empirical model that predicts optical attenuations from the
dynamic surface observations of radiation fog temperature and relative humidity has been
proposed. This model is based on applying Gaussian fitting (using the non-linear least
squares method) and employing the trust-region reflective Newton algorithm. The model
can be further improved by incorporating the effects caused by microphysical processes
like nucleation, condensation and turbulent mixing etc. The usefulness of this model lies
in situations when no data other than temperature and relative humidity is available at a
particular continental fog location. Furthermore, in order to study the relationship between
fog density and the corresponding optical attenuations, a fog sensor device device was in-
stalled near the vicinity of the FSO link. From the surface observations of fog density, the
corresponding liquid water content (LWC) of fog has been computed. LWC of fog seems
to be a suitable parameter to predict optical attenuations besides droplet size distribution
and visibility range that is related to a number of fog particles in the propagation path.
The computed LWC is then compared with the measured optical attenuations and optical
attenuations computed with the existing empirical models that relate visibility range to the
corresponding LWC. It has been observed that fog density is in high correlation with the
LWC and thus in turn to the recorded optical attenuations. Through simulations it has also
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been observed that optical attenuations in different fog conditions are a strong function of
the LWC, as the LWC increases so are the corresponding optical attenuations, and vice
versa. The results presented suggest that fog density measurements carried out are an ac-
curate representation of the fog intensity and the attenuation predictions generated through
the computed LWC closely match the actual measured optical attenuations. The computa-
tions of optical attenuations from LWC is an additional useful tool, besides visibility range
and particle size distributions, to predict and compare optical attenuations in the presence
of different fog types. Moreover, there is not enough information available on the fog ver-
tical structure and its representation in the form of different models can be useful in the
design of future ground-space FSO links.

In order to characterize the free-space atmospheric channel for radiation fog conditions,
three different techniques of modeling the size distribution of fog droplets, in terms of ex-
ponential and modified gamma distribution from fog attenuation measurements at infrared
wave bands have been demonstrated in chapter 5. Two techniques were proposed; first
one uses Marsaglia method (that considers rejection technique to compute three modified
gamma distribution parameters), and the other technique uses Maitra and Gibbins tech-
nique (that considers standard iterative procedure to compute three distribution parameters
of modified gamma distribution for Graz and Prague). While computing two parameters
of the exponential distribution for radiation fog at locations Graz (Austria), and Prague
(Czech Republic), the same Maitra and Gibbins procedure (that considers iterative pro-
cedure) was adopted. For the mentioned purposes two individual representative radiation
fog events were analyzed, one at each location, mainly to indicate the effectiveness of the
technique adopted to obtain near-instantaneous radiation fog droplets size distribution in
terms of exponential as well as modified gamma distribution. Based on the performance
analysis of the mentioned techniques, it was observed that Maitra and Gibbins technique is
the better one in terms of simplicity and efficiency and yield excellent results as compared
to Marsaglia method. The two parameters of exponential distribution computed for Graz
and Prague are the first ever computed distribution parameters from the experimental re-
sults. From the analysis of the computed exponential distribution parameters, against the
representative radiation fog events at Graz and Prague, it is found out that the agreement
between measured attenuations and the calculated attenuations is good and comparable to
the modified gamma distribution. The newly computed parameters of exponential distri-
bution against the fog events at Graz and Prague are also in high correlation with the mea-
sured quantities (attenuations, LWC and the ratio between attenuation or ratio between
attenuation and LWC), and hence provide an additional option of modeling the fog re-
lated attenuations using two parameter EDSD. In case of modified gamma distribution, the
newly computed distribution parameters for Graz and Prague locations are consistent with
the previously computed distribution parameters as available in the literature. Furthermore,
it was demonstrated that the three MGDSD parameters computed for Prague and Graz are
also in very strong correlation with the actual measured quantities like optical attenuations
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and the LWC. Hence we may safely infer that the behavior of these parameters against
the selected continental fog events, at both mentioned locations, is almost similar and they
behave exactly alike. Therefore the same MGDSD model can be used at both locations.
The usefulness of the Maitra and Gibbins techniques is that this techniques is quite handy
in predicting optical attenuations at locations where measurement related to most of the
microphysical parameters is not possible or feasible and thus only optical attenuations are
measured.

6.2 Future Work

For a terrestrial FSO link at a particular site, the predictions of optical attenuations levels
remain significantly inaccurate. This is because of the high variability in the fog micro-
physical characteristics and because too few reliable measurements are today available.
Only a vast measurement campaign where the statistics of fog microphysical character-
istics and the localized weather parameters along the path are simultaneously measured
could state on the validity of certain theoretical results. If one further assumes that empir-
ical propagation results keep on agreeing satisfactorily with future attenuations measure-
ments for different locations in different fog environments, then it would be worth putting
efforts in the implementation of a powerful simulation tool. Moreover, it would be worth-
while to extend the model that relates LWC with visibility range for ground-space optical
links by considering meteorological data obtained from satellites.

Like for the weather forecast, one can imagine in the future the existence of an extensive
dynamic database rendering in real-time the evolution of the different fog types and layers
in the atmosphere. These fog related configurations would then serve as inputs to simula-
tions of beam propagation. In turn, the results of these propagation simulations will permit
the assessment of conceivable atmospheric links or the watch of the performance of the
currently operating terrestrial optical links.
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APPENDIX B: OPTICAL WIRELESS EXPERIMENTS AND
COMMUNICATION SCENARIOS

Taking benefits from the progress made for optical transmission through fibres, tremen-
dous advances in electro-optics and optoelectronics components and systems design are
made and these developments were incorporated and disseminated into today’s FSO sys-
tems mainly for military applications. The aerospace and defence activity established a
strong foundation upon which today’s commercial FSO systems are based. There is a
strong need to exploit the huge bandwidth offered by FSO technology, as the future broad-
band access needs will pose stringent requirements on the communication links between
gateways and telecom satellites, classically located in GEO orbit [149]. Successful ex-
periments like SILEX (Semiconductor inter-satellite link), the link between OGS (Optical
Ground Station) and ARTEMIS (Advanced Relay Technology Mission Satellite) and the
earth reconnaissance low earth orbit (LEO) satellite SPOT-4 proves the operability of long
distance FSO. On the military side, the US has been working on optical satellite-ground
and air-ground links with transmission of high power laser beams for their Strategic De-
fence Initiative (SDI) program. Table .1 summarizes some very important optical experi-
ments successfully conducted in recent years.

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)

Table .1: Important optical wireless experiments

In this section we provide a brief and comprehensive survey of seven very important FSO
system designs and the experiments to establish ground-space laser communication links
through the earth atmosphere. The experiments date from 2001 with the bi-directional
laser link experiment between the ARTEMIS satellite and the optical ground station on
the Canary Islands until the successful test of a high data rate laser link from the LEO
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TerraSAR-X satellite to the DLR ground station in Oberpfaffenhofen. Orbit / platform
types investigated are GEO / LEO and high altitude platforms. The optical parameters of
the experimental configuration of all these below mentioned seven experiments are tabu-
lated in Table.

OGS - ARTEMIS

Experiments for investigation of atmospheric turbulence statistics have been carried out
using an atmospheric bi-directional laser link between the OPALE laser terminal onboard
the ARTEMIS satellite and ESA’s optical ground station (OGS) at the Observatorio del
Teide on the Canary Islands. The objective of this experiment was to perform optical
communication experiments by sending the Earth observation data produced by SPOT4
to ARTEMIS satellite and then relayed to Earth station (Fig. .1). Within the ESA study
’Artemis Laser Link for Atmospheric Turbulence Statistics’ a number of 45 bi-directional
links have been established during a measurement campaign that was started in Nov. 2001.
In [150], a number of 80 successful sessions is reported since then with average bit error
rates of 10−6 achieved for durations of 20 min. In some occasions BERs of at least 10−9

to 10−10 have been achieved for 5 to 30 min duration. The test data transmitted at a rate of
50,000,000 bits per second (50 Mbps). A very high accuracy of data stream confirmed at
ESA’s test station in Redu (Belgium) and the SPOT4 receive station in Toulouse.

Figure .1: Illustration of OGS - Artemis experiment [151]
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JPL Optical Communication Telescope

The Optical Communications Telescope Laboratory (OCTL) is a optical communications
ground terminal by the NASA/JPL Telecommunications and Mission Operations. It sup-
ports bi-directional optical links for research and high bandwidth optical communications
with spacecraft and deep space missions (Fig. .2). The telescope is a 1-m coude-focus sys-
tem designed for high precision pointing and tracking. In a coude-focus telescope the light
from a primary mirror is reflected along the polar axis to focus at a fixed place separate
from the moving parts of the telescope. At JPL also a three tier laser safety monitoring sys-
tem has been developed that defines safety zones in the airspace around the ground station
using sensors for each exclusion zones enabling an automatic beam shutter interruption in
case air traffic is detected (Fig. .3) [152].

Figure .2: Laser beam transmitted from the main OCTL telescope (right); Sun-illuminated
EGP-1 satellite at the end of the Rayleigh backscattered light (left) [153]

Altair UAV-to-Ground Lasercomm Demonstration

NASA JPL (Jet Propulsion Laboratory) designed and implemented a 2.5 Gbps optical link
between a ground station and a UAV, described by Ortiz in (Fig. .4) [154]. Main topic
of the experiment was to demonstrate the 2.5 Gbps optical link on the UAV and to study
atmospheric fades and pointing uncertainties due to the flying behavior. To overcome
vibration problems a Angular Vibration Test Fixture (AVTF) was designed. Also a robust
acquisition, tracking and pointing (ATP) subsystem was developed at JPL. Link distance
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Figure .3: Three JPL-defined safety tiers for ground-to-space laser beam propagation [153]

was 50 km while the altitude of the UAV was 18 km. The UAV was remote controlled using
a c-band communication link. The listed optical link parameters are to be understood as
design values. With 200 mW TX power the laser operated at a wavelength of 1550 nm
gaining a BER of 10−9The experiment is described in [154].

Figure .4: Altair UAV-to-Ground Lasercomm Demonstration [155]
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Stratospheric Optical Payload Experiment STROPEX (CAPANINA Project)

The stratospheric optical payload experiment (STROPEX) was a high bit rate optical
downlink experiment performed within the EU CAPANINA project (Fig. .5). The ex-
periment used the airborne free-space experimental laser terminal (FELT). The terminal
was carried by a high altitude platform (HAP) in a height of 24 km. A transportable opti-
cal ground station was used and operated during a measurement campaign at ESRANGE
near Kiruna, Sweden. The FELT was carried by a stratospheric balloon. Among the design
goals of FELT was to operate in stratospheric environmental conditions with temperatures
down to -70 deg and near vacuum conditions.
The DLR established a 622 Mbit/s downlink and the bit error probability (BEP) was better
than 10−9. From the stratosphere to the ground the link distance amounted 64 km. Addi-
tionally, a 1.25 Gbit/s downlink was set up, but no bit error measurement was performed.
As transmission scheme they have applied intensity modulation (IM) with direct detection
(DD) at a communication wavelength of 1550 nm. A laser diode driven by pseudo-random
bit-sequence with an output power of 1mW acted as the data source. Optical amplification
was done by Erbium-doped fiber amplifier (EDFA) to receive 100 mW. The experiment is
described in [156].

Figure .5: The CAPANINA Scenario [157]
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Airborne Laser Optical Link - LOLA

LOLA (Liaison Optique Laser Aéroportée) was a French national demonstration program.
The experiment performed in Dec 2006 was the first demonstration of a two-way optical
link between a GEO satellite (ARTEMIS) and an aircraft flying at 9 km altitude (Mys-
tère 20) (Fig. .6). This experiment showed an optical link between airborne terminals
like UAVs (Medium Altitude Long Endurance (MALE); High Altitude Long Endurance
(HALE)) in lower altitudes compared to Artemis, the geostationary communications satel-
lite of ESA. The aircraft optical terminal was developed by EADS Astrium. Details of the
terminal design were:

• Silicon Carbide used for high mechanical stability

• Accurate hemispherical broadband pointing mechanism for satellite acquisition.

• CMOS sensor for detection and tracking of the Satellite

• Less than 1 sec for link acquisition

• Pointing accuracy better 1 µrad.

The experiment is described in [158] and EADS brochures. The Objectives of this experi-
ment were:

• Exploration of light propagation in the atmosphere

• Proof of link system power

• Ensure secure transmission of UAVs data

Optical Downlink Experiment - KIODO

The experiment performed in 2006 was the first optical downlink performed from a LEO
satellite in Europe (Fig. .7). The satellite carrying the laser transmitter was the Japanese
OICETS at a sun-synchronous orbit in 610 km altitude. The OICETS satellite is opti-
cally compatible with ARTEMIS regarding used wavelengths and OOK modulation. The
KIODO experiment (Kirari Optical Downlink to Oberpfaffenhofen) performed link trials
corresponding with a particular pass of the satellite. This required some planning of the
attitude configuration for each test. The ground station received a 50-Mbit/s OOK signal
at 847 nm on its 40-cm Cassegrain telescope. From eight performed trials five could be
performed successfully. During three trials cloud blockage occurred. A bit error rate of
10−6 was achieved.
Also uplink test were performed sending two spatially displaced beacon beams towards
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Figure .6: LOLA (Liaison Optique Laser Aéroportée) terminal [159]

the LUCE terminal onboard the OICETS. Because of the optical power range of the on-
board sensors the beacon transmit power had to be adjusted as a function of the link el-
evation angle. The beacon power received was recorded and evaluated for atmospheric
attenuation and scintillation. The experiment is described in [160]. The Optical Inter-orbit

Figure .7: KIODO - Parameters [161]
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Communication Engineering Test Satellite (OICETS, Japanese name KIRARI), was devel-
oped by the Japan Aerospace Exploration Agency (JAXA). It was launched into low earth
sun-synchronous orbit at an altitude of 610 km and an inclination of 97.8 degree on 23rd
August 2005. A main objective of OICETS was to demonstrate the free-space inter-orbit
laser communications by using a laser communications terminal called the Laser Utilizing
Communications Equipment (LUCE). Some major achievements of this experiment were;
JAXA had success with the optical link in December 2005. In March 2006, a link was in
operation between OICETS and a Japanese ground station. Simultaneously it was the first
time between a fixed ground station and an LEO satellite. Three months later, a further
link was pointed to a mobile ground station operated by the DLR.

TerraSAR-X LCT-ATM Laser Link

In 2008 an optical downlink experiment was performed between the Tesat LCT termi-
nal onboard the LEO TerraSAR-X Earth observation satellite and the DLR optical ground
station in Oberpfaffenhofen (Fig. .8). The OGS in Oberpfaffenhofen has a RX aperture
of 40 cm. In fact, a broadband data transmission was established between the German
TerraSAR-X and the U.S.-Satellite NFIRE, reaching a data rate of about 5.5 Gbit/s bidi-
rectional using BPSK modulation at a wavelength of 1064 nm and a TX power of 1 W.
Due to the tracking of the LEO satellite the link elevation is between 30 and 90 deg. The
experiment carries instruments for atmospheric turbulence profiling. The link distance is
specified with 500 - 1000 km. In those altitudes a link is only available for approximately
20 minutes duration, whereas the range between was about 5,000 km and the speed of the
satellites amounted about 25,000 km/h. Important to mention is that no real science data
transmission was performed, there were just bit sequences transmitted and received.
A scenario with a different ground station at Calar Alto in southern Spain and a link dis-
tance of approx. 510 km is described in [162]. The following link parameters are taken
from the feasibility study. The RX aperture described in the study is 65 mm and is therefore
smaller than the atmospheric coherence length.

Oerlikon DOLCE study

The Swiss company Oerlikon started in 1995 to develop the OPTEL family, a kind of
optical terminals whose usage spreads over several areas of interest like:

• Commercial optical satellite cross links

• Deep space optical links

• Optical links between airborne platforms
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Figure .8: Illustration of TerraSAR-X LCT-ATM Laser Link [163]

Two studies performed under an ESA contract are somewhat deeper examined here. Dolce
study experiment was an inter-island test between La Palma and Tenerife done in the year
2007 (Fig. .9). Over that line of 142 km a distance corresponding to 1,500,000 km was
simulated as this is the route from Earth to the Lagrangian point L2 (L1 is as far away, but
on the opposite side). On the transmit side, a MOPA (Master Oscillator Power Amplifier)
laser was taken, with one Watt transmit power. As modulation scheme, 32-PPM (Pulse
Position Modulation) was in use. On Tenerife, the 1m OGS with a Si-APD and a measured
sensitivity of -70.9 dBm played the role of the receiver side. Finally, the user data rate was
set to 10 Mbps [164].

Oerlikon ROSA study

This was again an inter island test between La Palma and Tenerife (Fig. .10) performed
in the years 2007/08. Main goal was the investigation of Optical Telemetry for the MSR
(Mars Sample Return) mission. During the test a simultaneous presence of atmospheric
turbulence and sky radiance was detected. Due to the fact, that the link was over a hori-
zontal line with a length of 142 km, worse conditions compared to a (near) vertical link
to space were encountered. The long term link testing provided results for genuine day
and night conditions. For this distance, as Mars is up to 400,000,000 km away, only PPM
can be used as modulation scheme. Q-switched lasers provide only a low pulse repetition
frequency, but very high power in the emitted pulses. Variable PPMs were examined; as
a consequence, variable data rates were achieved. The targeted data rate of 1 Mbit/s was
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Figure .9: Dolce study optical link locations (left); Lagrangian points (right) [165]

not reached due to several reasons. As a conclusion, improvements of the laser technology
would lead to the desired data rate [166].

Figure .10: Oerlikon: Locations of ROSA study experiment [151]
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APPENDIX C: EYE SAFETY AND OPTICAL WIRELESS
NETWORKS

Laser eye safety issue becomes of increased significance with the proliferation of FSO
products that direct optical beams into potentially populated areas. Lasers are potentially
hazardous due to their intense brightness (W/m2). Many factors like laser-eye tissue in-
teraction, laser pulse duration, laser power, and the transmission wavelengths can cause
damage to the human eye as a result of several mechanisms like photochemical, thermal
and acousto-thermal reactions [20, 6, 39]. Photochemical process occurs as a result of
absorption of photon by a molecule and result in a chemical reaction causing permanent
damage to the eye retina. The thermal interaction could result in the thermal deposition of
heat to a local area which can be either lens or retina or cornea. Whereas, acousto-thermal
process results in a damaging shock wave due to the rapid deposition of heat. Usual FSO
systems operate predominantly in two wavelength bands; systems that operate near 800
nm wavelength band (the near-infrared band) and thus radiate invisible radiations while
the other operate near 1550 nm. Fig. .1 shows the eye response against different optical
wavelengths. The bold curve in the middle represents the human eye’s response (photo-
optic eye response) at the ambient light level. This curve peaks at 550 nanometers, which
means the eye is most sensitive to yellowish-green color at this light level. While the dotted
line represents the response of human eye in terms of total absorption across near-infrared
wavelengths [6]. This total absorption response applies to visible and near-infrared wave-
lengths in the range of 400 nm to 1400 nm.
Near-infrared wavelength band light like visible wavelengths pass through the cornea and

lens and ultimately focuses on the tiny spot on the retina. Such a collimated laser beam
can concentrate by a factor of 100,000 times upon striking the retina and since retina has
no pain sensors so it does not induce eye blink reflex action and thus could permanently
damage it. Whereas, the optical beams operating outside the near-infrared band at 1550
nm wavelength do not focus onto the retina as they are absorbed by the cornea and the
lens. This significantly different behavior of the two wavelength bands allows 50 times
more eye safe allowable power to be used with optical transmitters operating at 1550 nm
than 800 nm wavelength. This gain of 50 times is very important from the communication
system designer point of view as it allows him to send information data at comparatively
much higher data rates over longer distances through heavier attenuation conditions.
Table .1 mentions a list of the primary eye safety classes under which an optical radia-
tor can fall [57]. Outdoor LOS optical wireless systems generally use high power lasers
(Class 3B) to achieve a good power budget against different atmospheric impairments. So
eye safety standards suggest to install such systems at locations where the optical beams
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Figure .1: Eye response against different optical wavelengths [6]

Safety Class Description
Class 1 Safe under reasonably foreseeable conditions of operation
Class 2 For visible sources λ = 0.4 µm - 0.7 µm, eye protection is

afforded by aversion responses including eye blink reflex
Class 3A Safe for viewing with unaided eye. Direct intra-beam view-

ing with optical aids may be dangerous
Class 3B Direct intra-beam viewing with optical aids is always dan-

gerous. Viewing diffuse reflections through holographic
techniques is normally safe

Table .1: IEC 60825 safety classification for optical sources and their interpretation

cannot be interrupted or viewed inadvertently by a human [20]. Whereas, indoor systems
usually employ Class 1 lasers such that transmitted powers must not exceed 0.5 W in any
case. Class 3B laser for use in the outdoor applications can be rendered Class 1 eye safe
laser by passing their beam through a hologram (sealed within the overall laser enclosure);
the hologram breaks up the optical beam wavefront and diffuses the image of the beam
spot on the eye retina in order to prevent serious damage to it. Table .2 summarizes the
allowable average optical power limits calculated by assuming that the source is a point
emitter and there is a very small divergence as is the case in laser diodes [57].
Communication systems transmit information from a transmitter to a receiver through the

construction of a time varying physical signal and the transmitted signal is corrupted by
deterministic and random distortions due to the environment. The goal of communication
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Safety 650 nm 880 nm 1310 nm 1550 nm
class visible infrared infrared infrared

Class 1 < 0.2 mW < 0.5 mW < 8.8 mW < 10 mW
Class 2 0.2 - 1 mW N.A N.A N.A

Class 3A 1.0 - 5.0 mW 0.5 - 2.5 mW 8.8 - 45.0 mW 10.0 - 50.0 mW
Class 3B 5.0 - 500 mW 2.5 - 500 mW 45.0 - 500 mW 50.0 - 500 mW

Table .2: Limits for the average transmitted optical power for the IEC 60825 classes at four
different wavelengths

system design is to develop signalling techniques which are able to transmit data reliably
and at high rates over these distorting channels. For efficient design, a detailed knowl-
edge of the channel characteristics is necessary. The transmission of information using
optical intensity channels differs significantly from the conventional RF channel. Unlike
the RF technologies, where the carrier amplitude, phase or frequency are varied, the infor-
mation sent on most optical channels lies in the intensity of the transmitted signal. This
electro-optical conversion process is termed optical intensity modulation and is usually
accomplished by a light emitting diode (LED) or a laser diode (LD). Using incoherent,
diffuse light sources (for eye safety reasons), only the intensity of the optical signal can be
varied, which must remain positive [57]. The photodiode detector is said to perform direct
detection of the incident optical intensity signal and its response is the integration of tens
of thousands of wavelength of incident light. The photodiode detector, thus, produces an
output electrical current which is a measure of the optical power impinging on the device.
Let x(t) denote the intensity of the transmitted optical signal and let ry(t) be the photode-
tector current at the receiver, where the constant r is the photodetector responsivity. When
the intervening channel has impulse response h(t), y(t) is given by,

y(t) =
+∞∫
−∞

x(τ)h(t− τ)d(τ)+n(t) (.1)

The input x(t) represents power, not amplitude and this leads to two unusual constraints on
the transmitted signal; firstly, x(t) must be positive, and secondly, the average amplitude of
x(t) is limited. If the average of the transmitted light wave is constrained to a value denoted
by P (which satisfies safety regulations), then the input x(t) of the baseband channel must
satisfy,

x(t)≥ 0 (.2)

lim
T−→∞

1
2T

T∫
−T

x(t)dt ≤ P (.3)

The first constraint implies that any modulation scheme for an optical intensity channel
must have a DC component which transmits no information but consumes energy and
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the second constraint is in marked contrast to conventional electrical channels in which the
constraint is on the average squared amplitude of the transmitted signal [57]. The allowable
exposure limit (AEL) depends on the wavelength of the optical source, the geometry of the
emitter and the intensity of the source. In general, the constraints are placed on both the
peak and average optical power emitted by a source.



APPENDIX D: PDF ESTIMATION OF RECEIVED SIGNAL
STRENGTH

A novel approach of achieving a tractable probability density function of the received
signal strength under fog attenuation has been investigated. The continental fog has char-
acteristics which allow us to model the received signal strength by standard curve fitting
techniques. In this section the results achieved through analysis of data acquired through
measurement campaigns at the continental city of Graz are provided. A fog event measured
in Graz, Austria on 31st January, 2006 has been analyzed. The RSS of transmitted optical
signals having 850 nm and 950 nm wavelengths, over a link distance of approximately 800
m, were recorded by a unidirectional FSO link. Fig. .1(a)-(d) shows the distribution of the
received power (dBm) for the complete fog event that spanned around 14 hours, for a 1
hour, for one minute and for 30 seconds, respectively [132]. These plots are drawn using
Kernel smoothing density estimate i.e., [f,xi] = ksdensity(x) function in MATLAB. This
function computes a probability density estimate of the sample in some vector x, while f
is the vector of density values evaluated at the points in xi. The density estimate is based
on a normal kernel function and the density is evaluated at 100 equally spaced points that
cover the range of the data in x [167]. The distribution clearly exhibits a multimodal PDF
with a spread of 1 dBm. The constituent parameters of fog including the drop size dis-
tribution undergoes significant changes over large spans of time resulting in the mean of
the distribution of attenuation shifting to different values and thus creating a multimodal
probability density function.
To analyze the distribution of the RSS on hourly scale, the PDF of received power for this
selected fog event as shown in Fig. .1(b) is provided. As clearly evident that the PDF has a
bimodal shape with two distinct modes around - 23.2 dBm and - 22.8 dBm of the received
power. For the further analysis, the PDFs have been drawn on a minute and 30 seconds
scales (as shown in Figs. .1(c) and .1(d)), respectively. It is quite interesting to note that
the PDFs now take the shape of a standard Gaussian curve once the time span is reduced
to a minute or less.
To further investigate the trend of RSS in continental fog, we analyze another continental
fog event that is also recorded in Graz on 18-19th Nov. 2009. The total duration of this
fog event was about 13 hours (started around 5 PM on 18 Nov. 2009 and lasted until 8
AM on 19 Nov. 2009). The optical attenuations recorded a maximum value of 140 dB/km
averaged on a minute scale. The received power distribution for this selected whole fog
event is given in Fig. .2(a). This is followed by received power distribution on 1 hour,
10 minute, 1 minute, and 30 seconds time intervals as shown in Figs. .2(b), .2(c), .2(d),
and .2(e), respectively [132]. It is clearly evident that a multimodal behavior is observed
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Figure .1: Received power distribution of a selected fog event recorded in Graz on
31.01.2006 for different time durations

for longer time intervals (on hourly basis). As we move down to shorter time intervals
the curves depict a trend towards Gaussian distribution. The slight differences observed
in terms of the details of the PDF’s shape acquired by the RSS in the two events (Figs 1
and 2) can be attributed to the fog characteristics of the particular event. The overall trend
is that of multimodal distribution over large time scales (see Figs. .1(b) and .2(b)) and a
trend towards Gaussian or a skewed Gaussian PDF when measured on smaller time inter-
vals in both the representative fog events. The results analyzed over smaller time intervals
are more significant as they can then be suggestive towards signal estimation, selection
of forward error correction codes and thus an improved FSO system design. For further
statistical analysis of the fog attenuations, the statistical parametric values for the two fog
events are summarized in Table .1. The variance of continental fog data recorded a sharp
decrease when measured at reduced time scales. At smaller time intervals like 1 minute
and 30 seconds, the variance became really small depicting that the attenuation almost be-
comes stable. This sharp decrease in variance on smaller time intervals suggests a rather
stable characteristic of the continental fog as compared to other fog types like maritime
(advection) fog. In other words, it means that the continental fog retains its attenuation
characteristic once it sets in. It shall be noted that the link distance was about 800 m for



229

Figure .2: Received power distribution of a selected fog event recorded in Graz on 18-
19.11.2009 for different time durations

the winter 2006 fog event, and about 80 m for winter 2009 fog event [132].
The comparison of Skewness reveals interesting insight in the fog attenuation analysis. The
received power for winter 2006 interval has Skewness approaching zero for shorter inter-
vals (1 hour and lesser). However, for larger time intervals (> 3 hours) the curve is skewed
to the right; indicating that the signals with lesser power are received more frequently than
higher powered signals. Similar trend is observed for the winter 2009 fog event. The high
kurtosis and small variance signifies a stable link. Higher variance alongside high kurtosis
would depict infrequent extreme deviations in the received power. The generic trend in the
data analyzed is a higher kurtosis than for a Gaussian distribution [132].
Probability density function fitting has been tried to the PDF estimates of the complete

fog events recorded and the results have been summarized in Table .2. The sum of the
square error (hereafter SSE) difference at each of these curves with the original nonpara-
metric density estimates was evaluated and clearly the best fit shall have the least number
of squared errors. The lognormal PDF has been found to be the closest fit for the continen-
tal Graz fog event of 2006, and Gamma PDF for Graz 2009 fog event. However, as evident
from the complete fog event’s real PDFs (Figs. .1(a) and .2(a)), it can be concluded that
the attempts to find the best fit do not really reveal the true picture [132].
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Fog event dated 31.01.06 Fog event dated 18-19.11.09
Duration Mean Variance Range Skewness kurtosis Duration Mean Variance Range Skewness kurtosis
14 hours -26.578 6.3662 6.3662 0.0148 1.3356 16.5 hours -35.1410 10.7702 11.4670 0.6593 2.1170
1 hour -23.0037 0.0236 0.6520 -0.141 1.6875 1 hour -33.2381 8.7600 7.8820 -0.7646 1.9026

10 minutes -22.8052 0.0006 0.1680 -0.0561 2.8762 10 minutes -33.2881 2.3010 5.3510 -1.0226 2.8677
1 minute -22.7874 0.0003 0.0930 -0.0919 3.5764 1 minute -36.5382 0.0233 0.6610 0.2697 2.4208

30 seconds -22.7876 0.0004 0.0930 0.038 3.3312 30 seconds -36.4930 0.0166 0.4550 -0.8895 2.4994

Table .1: Statistical parameter values (dB) of two representative fog event recorded in Graz

Density functions Fog event dated 31.01.06 Fog event dated 18-19.11.09
Mean Variance Distr. parameters SSE Mean Variance Distr. parameters SSE

Lognormal -26.5784 6.46165 µ=-3.27555, σ=0.095423 0.6212 -34.1332 17.2807 µ=-3.52291, σ=0.12134 0.2796
Gamma -26.578 6.40128 a=110.351, b=0.240849 0.6217 -34.1273 16.7069 a=69.7118, b=0.489548 0.2733

Exponential -26.578 706.391 None 1.2388 -34.1273 1164.67 None 0.5367

Table .2: Statistics of three best fit density functions of two representative fog events at
Graz




