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Abstract
Terrestrial free-space optical (FSO) communication uses visible or infrared wavelengths to
broadcast high speed data wirelessly through the atmospheric channel. The performance of
terrestrial FSO channel mainly depends on the local atmospheric conditions.
Ad hoc networks offer cost-effective solutions for communications in areas where infrastructure
is unavailable, e.g., intelligent transport system, disaster recovery and battlefield scenarios.
Traditional ad hoc networks operate in the radio frequency (RF) spectrum, where the available
bandwidth faces the challenge of rapidly increasing demands. FSO is an attractive alternative for
RF in ad-hoc networks because of its high bandwidth and interference-free operation.
This thesis investigates the influencing factors for routing traffic from given s-d pair while
satisfying certain Quality of Services in terrestrial FSO ad hoc mesh networks under the effect of
stochastic atmospheric turbulence. It starts with a comprehensive review of FSO technology,
including the history, application, advantages and limitations. Subsequently the principle of
operation, the building blocks and safety of FSO communication systems are discussed. The
physics of atmosphere is taken into account to investigate how propagation of optical signals is
affected in terrestrial FSO links.
A propagation model is developed to grade the performance and reliability of the FSO ad hoc links
in the network. Based on that model and the K-th shortest path algorithm, the performance of the
path with highest reliability, the path with a second highest possible reliability and an independent
path with no common links shared with the former two paths, were compared according to the
simulation scenarios in node-dense area and node-sparse area. Matlab simulation shows that the
short/long range dependent transmission delay are positively proportional to number of hops of
the paths. Lower path reliability only dominate the cause of severe delay when traffic flow
approaches near its upper link capacity in node-sparse area. In order to route traffic from given sd pairs with satisfying certain Quality of Services, the path with highest reliability may not be the
best choices since they may hold more hops which will degrade the QoS. Meanwhile, in case of
exponential traffic congestion, it is recommended that both traffic demand and traffic flow
propagating through the links should be pressed below a value close to the effective capacity,
where the nonlinearity of the transmission delay curve starts to obviously aggravate.
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Chapter 1 Introduction
Due to the rapid growth of wireless technologies, the number and variety of connected devices
are explosively increasing. At the same time traffic demand is constantly rising. It is expected
that until 2020 the number of connected devices increase 100 times more and traffic volume in
access networks increase 10,000 times [1].
These challenges have stimulated researchers to undertake extensive research on broadband
wireless communication technologies. Free Space Optical (FSO) communication has emerged
as a promising technology for next generation wireless broadband technologies. FSO is a line
of sight (LoS) optical wireless communication system that uses the atmosphere as transmission
medium to transmit modulated data from a point to another point. FSO communication systems
are able to transmit data at very high bitrates (in range of
) over kilometers through the
free space. Compared to conventional radio frequency (RF) wireless communication, FSO has
several advantages like cost effectiveness, license-free operation, imminence to electromagnetic
interference and so on. Potential applications of FSO include last mile access network,
enterprise connectivity, fiber back up and disaster recovery.
However, FSO has certain limitations. FSO requires line of sight and alignment between the
communicating nodes. FSO communication has a limited range and also suffers from beam
divergence with distance. The atmosphere particularly has significant deleterious effects on
terrestrial FSO links. Absorption, scattering and scintillation are the major atmospheric
disturbances which can degrade the performance and reliability of FSO links.
It is envisaged that future wireless networks will be based on ad-hoc topologies with multiple
retransmit nodes rather than the classical system with many base stations [2]. Numbers of
studies have considered the application of FSO in ad hoc networks. An ad-hoc network is a selforganizing network, which is formed by a set of wireless point-to-point links between a group
of nodes with no fixed infrastructure. Conventional ad-hoc networks operate in RF domain,
where the accessible bandwidth cannot support the future demands. FSO is an attractive
alternative to RF in ad hoc networks which can support high bandwidth requirements.
An FSO ad hoc network is composed of a set of FSO links, interconnecting a group of nodes.
The communicating nodes can be located anywhere in the network. The links within a terrestrial
FSO ad-hoc networks are affected by non-homogenous atmospheric effects. Consequently, the
links will have different reliability and performance in conducting data. Considering the latter,
to improve the availability of the network, we are interested to direct the traffic through the less
affected links between source and destination communicating nodes. There are various ad-hoc
routing protocols which can be utilized to route traffic in FSO ad-hoc networks. With various
routing protocols the performance of the route varies.
Among several wireless communication technologies, FSO ad hoc communication is
considered as a good candidate for Intelligent Transport Systems (ITS); thanks to its unique
benefits. FSO ad hoc can support the increasing bandwidth requirements in ITS both in vehicle
to vehicle (V2V) and vehicle to infrastructure (V2I) communications. Moreover, FSO ad hoc
networks are not affected by electromagnetic interference (EMI) which is a very serious
problem in RF based ITS systems.

1.1. Purpose
This thesis tries to give a deep insight to FSO by introducing the benefits, limitation and
applications of this emerging technology. By discussing the building blocks and surveying the
principle of operation of FSO systems, followed by considering the influencing factors on
1

terrestrial FSO links, it is aimed to develop a model to estimate the reliability and performance
of the links.
Pursing this further, this thesis aims to research on the routing mechanism in terrestrial FSO ad
hoc mesh network. The first agenda is to find out a communication path from given source and
destination (s-d) pair with highest possible reliability under stochastic atmospheric turbulence.
Then investigate the influencing factors for routing traffic from given s-d pair while satisfying
certain Quality of Services, by comparing the performance of the path with highest reliability,
the path with a second possible highest reliability and an independent path with no common
links shared with the former two paths.

1.2. Objectives
This thesis not only gives a comprehensive overview of FSO, but also involves mathematic
analysis of the propagation of light in the atmosphere and performance evaluations of the
routing mechanism in terrestrial FSO ad hoc networks. The objectives of thesis are focus on
answering such research questions listed as follows:





How to find a communication path from given s-d pair with highest possible reliability
under stochastic atmospheric turbulence?
How to route traffic from given s-d pair with satisfying certain Quality of Services?
Can the traffic that propagating along the path with highest reliability also reach lowest
transmission delays?

1.3. Scope
This thesis remains in the scope of analytical research and simulation of routing mechanism in
terrestrial FSO ad hoc mesh network. A comprehensive overview of the free space optics is
introduced with emphasis on routing, where the authors built up a Matlab based simulation tool
for estimating the routing behaviors related parameters of FSO ad-hoc networks. The final
outcome includes the method for finding a communication path from given s-d pair with highest
possible reliability under stochastic atmospheric turbulence, as well as the influencing factors
on satisfying certain Quality of Services when routing traffic from given s-d pair.

1.4. Thesis outline
The structure of the rest thesis is divided into 8 chapters, which are briefly described as follows
Chapter-2 starts with an overview on the history of wireless optical communication.
Applications, advantages and limitations of FSO communication are respectively introduced.
Chapter-3 discusses the fundamentals of FSO communication system. By surveying the existing
literature, it aims to introduce the main building blocks of FSO and describe the principle of
operation of each highlighted block. Following that, the feasible topologies of FSO networks
are discussed.
Chapter-4 explains different effects of the atmosphere on terrestrial FSO links, most notably
absorption, scattering and scintillation. It proposes models to estimate the expected path-loss
from each effect. The models will be used later in the same chapter to build up a link budget
equation. The link budget equation quantifies the reliability of the links.
Chapter-5 gives a summery on possible routing protocols in FSO ad hoc networks. It classifies
the protocols as proactive, reactive and hybrids.

2

Chapter-6 introduces the shortest path algorithm, which includes the prerequisite concepts
before understanding the shortest path algorithm, the implementation of Dijkstra Algorithm, the
K-th shortest path algorithm and how to use them to compute and obtain the paths with the Kth highest reliability.
Chapter-7 elaborates the research questions of routing in terrestrial FSO ad hoc mesh network,
as well as how to construct a Matlab simulation environment as the solution sketch targeting on
answering the raised up research questions.
Chapter-8 presents and analyzes the simulation results in two simulation scenario, which are
simulation in node-dense area and node-sparse area, then discusses the influencing factors to
the results.
Chapter-9 concludes the study and outlines recommendations for future work.
Appendices attaches the complete outcomes of simulation, including all routes from given s-d
pair each test, the associated SRD and LRD transmission delay curve under traffic flow, as well
as the Matlab codes.

3

Chapter 2 Overview of FSO
This chapter elaborates an overview on the history of wireless optical communication.
Applications, advantages and limitations of FSO communication are also respectively
introduced.

2.1. A brief history of wireless optical communication
The use of optical signals to transmit information has quite a long history. Homer, in the Iliad,
discusses the use of optical signals to transmit a message regarding the Grecian siege of Troy
in approximately 1200 BC [3]. Around 800 BC, the ancient Chinese, Egyptians, and Romans
were using beacons, large fires stacked on hills or on top of high towers, to send early warning
messages over great distances. In 405 BC the ancient Greeks used polished metal shields to
signal during battles [4]. 150 BC American Indians used smoke signals for communication. By
making smoke patterns (using a blanket over the fire) coded messages could be sent [5].
Centuries later in 1792 in France, Claude Chappe invented the optical telegraph which was able
to send messages over distances of a few tens of kilometers in a matter of minutes. Chappe’s
telegraph machine was principally based on semaphores. As Figure 2-1 describes, at the top of
towers, in line of sight of each other, a system was built of three articulated arms. The arms
were driven by a mechanical device. Each of the arms could take various orientations [6]. A
codebook was developed which included the set of possible combinations in the orientation of
the signaling arms. The book was used to encode letters of the alphabet, digits and common
words into signals by changing orientations of the arms. Each tower had a telescope to see
signals of its neighbor towers.

Figure 2-1, The Chappe Semaphore tower [7]

In 1821, the German professor Carl Friedrich Gauss developed an instrument, called Heliotrope,
to direct a controlled beam of sunlight by mirror to distant stations. Heliotrope basically was
used in geodetic surveys in the Hanover region. In India in 1869, Sir Henry.C Mance, of the
British army signal corps, added a movable mirror to the Gauss’s design that could be used to
signal Morse code. Mance’s invention, known as Heliograph, is assumed as the first wireless
4

optical telegraph. Early heliographs were able to transmit signals for distances up to 40 Km.
During the late 19th and early 20th century, the Heliograph was widely applied in military
applications. Figure 2-2, Heliograph with double mirror in the next page shows a double mirror
Heliograph.

Figure 2-2, Heliograph with double mirror [6]

In February 1880 in USA, Alexander Graham Bell and his assistant C.S. Tainter invented one
of the earliest wireless optical communication devices using electronic detectors, later called
“photophone”. On June 3, 1880, Bell's assistant transmitted a wireless voice telephone message
of a considerable distance, from the roof of the Franklin School to the window of Bell's
laboratory, around 213 meters away [8]. Figure 2-3 shows an adaption of the drawing made by
the inventors outlining their system. The sunlight is focused onto a flexible reflective membrane.
The user speaks into this membrane. The spoken word is transmitted in the air by modulating
the reflected sunrays. This modulated reflected light, after its displacement in the air, is
collected by a photoconductive selenium crystal connected to a pile and the ear-phones (The
selenium cell converts the optical signal into electrical current).

Figure 2-3, Schematized representation of Graham Bell’s photophone [6]
5

Following this, optical communication improved with the invention of electronic devices such
as transistors, vacuum tubes, integrated circuits and light emitting diodes (LED) [9]. The
invention of LASER in 1λ60’s by Theodore Maiman initiated a revolution in optical
communication, which led to modern free space optical systems [10]. A flurry of laboratory
demonstrations of FSO started from the early 1960s into the 1970s. In 1962, the MIT Lincoln
Laboratory successfully tested a 48-km long optical wireless link by means of a light emitting
diode for transmitting television signals. In May 1963 in California a laser beam radiated
from a helium-neon gas tube, could properly deliver a voice message over a distance of 190 km.
In March 1963 the first TV-over-laser was demonstrated by North American Aviation
researchers [10]. In the mid-1960's NASA initiated experiments to utilize the laser as a mean of
communication between the ground and space [11].
In 1970, The NEC Company in Japan built the first laser full duplex laser link to handle
commercial traffic [10]. During 1970s, research and developments of FSO were mainly
performed in military and space laboratories [9]. Both NASA and ESA began to consider FSO
in deep space communications [10]. However, the terrestrial experiments were not promising
due to large divergence of laser beam and the inability to overcome atmospheric effects. With
the development of low-loss fiber optics in this decade, they became the main choice for longhaul data transmission [12].
In the 1980s United States and European governments paid more attention to FSO as a part of
their plans about next generation technologies for secure communication links. Unfortunately
in this decade FSO research and development efforts didn’t lead to marketing and business
development. During the 1980s and 1990s, significant advances were reached in laser, telescope,
tracking and receiver systems. This advances could improve the reliability of the FSO links in
turbulent atmospheric conditions.
By the 1990s a number of companies in USA were involved in FSO while Europe was still
limited to the research programs. During this decade, Japan showed a significant interest to FSO
[13]. Concurrently the mature fiber-optics technology was interconnecting the world with longhaul broadband links, forming the Internet backbone. During the time the optical fiber
installation was at its peak, civil FSO technology lay dormant. However in military and space
laboratories the development never really stopped [14].
In the past decade, near Earth FSO was successfully demonstrated in space for communication
between satellites at data rates of up to
. Various applications of FSO both in military
and civilian fields were reported in different parts of the world. But the main boost to FSO came
from the inability of Internet fiber-optic backbone to deliver the full capacity to network edges.
FSO was found as an efficient and easy to deploy solution for the bandwidth bottleneck problem
in the access network. However, FSO inherent limitation still resisted against its fast penetration
in the market.
Intensive researches and developments on optoelectronic devices and on propagation of light in
the atmosphere, has increased the reliability and performance of terrestrial FSO links. Today
FSO is considered as commercially viable technology in handling modern communication
challenges. Full duplex FSO systems running at .
between two static nodes are
common in the market, just like FSO system that operate reliably in all weather conditions over
a range of 3.5 Km [15]. Further efforts are ongoing to improve the capacity, feasible range,
performance and reliability of terrestrial FSO system.
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2.2. FSO Applications
Features of FSO make this technology very attractive for various applications. The following
areas have been found suitable for using FSO technology.


Last-mile access

Although Telecom companies have made huge investments to augment their fiber backbones,
but studies show that fewer than 5% of all buildings in the United States have a direct connection
to a high-speed (above .
) fiberoptic backbone. Yet more than 75% of businesses are
within one mile of the fiber backbone. Most of these businesses are running some high-speed
data network within their building, such as fast Ethernet (
), or Gigabit Ethernet
( .
). Nevertheless, their access to the Internet network is provided by the significantly
lower-bandwidth technologies such as copper wire (T1 at .
), cable modem (
shared), and digital subscriber line (DSL;
one way). To address the problem and fully
utilize the existing capacity, the expansion in the backbone of the networks should be
accompanied by a comparable growth at the network edge. FSO technology can be applied to
efficiently bridge the bandwidth gap between the end user at the network edge and the Internet’s
fiber backbone. In this order, FSO Links ranging from
up to a few km are now available
in the market with data rates covering
to
[5].



Military Applications

FSO is a key communication technology in defense networks due to its high bandwidth, low
risk of exposure, global license-free feature, rapid deployment, portability and mature optical
components and integrated subsystems. Examples of this application are communication
between tanks, submarines, battle ships and unmanned aerial vehicle (UAV).


Back-up link and disaster recovery

In today’s environment, networks are critical to an organization’s survival. Natural disasters,
terrorism, equipment failures and break down of fiber communication links threat the networks.
FSO is considered as a network recovery option, which can provide diverse backup broadband
communication links rapidly with a low cost. To minimize the down time of the networks, FSO
backup links can be deployed proactively to automatically route the data in the event of damage
or failure of the main links. As an example, when the world trade center towers in New York
City collapsed by the 9/11 terrorist attacks, the crucial fiber optic network infrastructure in the
vicinity had totally destroyed. FSO links were rapidly deployed in this area for financial
corporations that were left out with no landlines [16].


Digital Media Networks

Today’s media market demands for higher quality audio and video. On-demand internet
streaming media, such as NETFLIX® are getting more popular day-by-day. As a result, media
companies are migrating toward a completely digital workflow from capture to storage, editing,
reproduction and broadcasting [17]. At the time when conventional wireless technologies fail
to support the high throughput requirements for video streams, FSO technology can present a
powerful alternative to support high quality video transmission. FSO is increasingly being used
in the broadcast industry to transport live signals from high-definition cameras in remote
locations to a central office [5]. For example, during 2010 FIFA World Cup, UK TV-station
BBC implemented temporal high-bandwidth FSO links to transmit high definition video
between its temporary studios in Cape Town, South Africa [18].
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Cellular Communication Backhaul

With high-speed data services and network densification using small cells, the need of
upgrading the backhaul and increasing its capacity is rapidly growing [19]. Upgrading leased
lines to higher bandwidth E3/DS3 or xDSL will dramatically increase traditional (legacy)
transport/backhaul costs because of the high recurring monthly charges.
As providers shift to newer cellular technologies such as 3G, 4G and LTE, the cell radius
decreases to about 1 km or less. Within the dense urban core, the typical cell spacing will be a
few hundred meters. Microwave radio is poorly suited to deployments in the urban core at short
ranges. The licensing requirements, frequency planning, and interference issues make
microwave a poor choice [20]. On the other hand lying fiber optic or copper cables expose
significant trenching and maintenance overhead costs to the operators. FSO can provide a
license-free, low cost, flexible and high bandwidth alternative connection to RF, copper and
fiber links for backhauling the traffic between base stations and switching centers. Figure 2-4
shows how FSO can connect base stations in direct line of sight.



Figure 2-4, FSO systems provide backhaul for cellular system [12]

Multi-campus/Enterprise connectivity

Due to the scalability and flexibility of FSO, it has found application in interconnecting multiple
buildings in corporate and campus networks at ultra-high speeds. Systems with data rates up to
a few gigabits per second covering a link span of 1–2 km are already available in the market
[5]. Figure 2-5 depicts a campus where several buildings in line of sight are networked by FSO
links.

Figure 2-5, FSO interconnecting multi buildings in a campus [12]
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Difficult Terrains

FSO is an attractive data bridge in instances such as across a river, a very busy street, rail tracks
or where right of way is not available or too expensive to pursue [5].


Intelligent Transport Systems

Although the application of free space optical communication in the context of intelligent
transports system is not pervasive yet as business products; but research and development
departments are working more and more on this technology for vehicular communication.
Driver assistance systems (DAS) collect data from various sensors embedded in vehicles to
inform drivers about possible hazards and to improve driving performance. However the
sensors used in a vehicle can only record data in a limited area around the vehicle. Vehicle to
Infrastructure (V2I) and Vehicle to Vehicle (V2V) communications can increase the awareness
of drivers about possible threats and hazards ahead. As the number of vehicles in the road
together with the number of sensors embedded in the vehicles is increasing; the volume of
transmitted data is growing. FSO is the technology that can support the high-bandwidth
requirement of future vehicular networks.
Vehicle to Infrastructure (V2I): A study in Japan [21], proposes intelligent LED traffic lights
that can transmit the junction’s right of way as well as the local traffic safety information by
optical signals to the high-speed cameras mounted in vehicles (Figure 2-6).

Figure 2-6, LED communication system at intersection [21]

Another experiment in japan could obtain a data rate of
by a
laser
transmitter, between a moving vehicle and a fixed ground terminal, over a distance of several
hundred meters. To maintain the line of sight during the vehicle movements, the transmitter
was mounted in a gimbal on the roof of vehicle, which let it to steer the laser beam quickly in
horizontal or vertical direction toward the receiver. At the stationary receiver terminal, a beam
tracking and acquisition mechanism was used to maintain the alignment and lower the possible
pointing errors. Thanks to the accurate transmission and acquisition sub-systems, the
connection was maintained even when the vehicle turned sharply [22].
FSO is also proposed for ground to train communications to support the increasing demand of
bandwidth on-board. According to Figure 2-7, FSO base stations (BS) installed perpendicularly
along the tracks in the intervals of 75 meters. LEDs were used as the transmitter and the
photodiodes were used as the receiver mounted on top of the train carriages. The system can
support data rates of
at the bit error rate of 10-6 [23].
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Figure 2-7, FSO ground to train communication [23]

V2V optical communications: Figure 2-8 illustrates the optical V2V communication system
proposed in [24]. The leading vehicle (LV) is equipped with LED tail lights and the following
vehicle (FV) is equipped with a high speed camera receiver. The LV collects various internal
and environmental data and sends them to FV by optical signals through its tail LED lights. At
the same time the LV’s camera captures images and by use of image processing techniques
defines the coordination of the LED regions in the image. Subsequently, the receiver system
monitors the variations of light intensity in the detected LED regions and detects the optical
signal [24].

Figure 2-8, illustration of the optical V2V communication [24]

In Germany, DaimlerChrysler’s research and development department could realize a data rate
of
over a distance of distance of
, suing a similar architecture as the one
described in Figure 2-8 [25].
Abualhoul et al. in [26] exploit the FSO channel between LD’s tail LED and FD’s camera
receiver to introduce a platooning use case (Figure 2-9). Automatically controlling vehicles in
platoons can increase traffic fluidity and reduce air pollution. The reliable dataflow between
vehicles in platoon is crucial to deliver real-time information concerning the vehicle state (speed,
acceleration, brake, etc). Since the gap vehicles can be reduced as low as two meter in a platoon,
wireless optical communication can even have a better performance than radio frequency.
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Figure 2-9, platooning two vehicles using wireless optical communication [26]

2.3. Benefits of FSO
Compared to conventional radio frequency wireless technology, FSO has several advantages.
Here we list the most distinguishing preferences of FSO in communication networks.


Ultra High Bandwidth

The components in FSO systems are similar to those used in fiber optics. However, due to the
fact that photons can travel faster through the air than in the glass core of fiber optics, FSO can
deliver higher bit rates in ideal atmospheric conditions. Current FSO links can support high data
rates in range of
. It is expected that this rates increase to
in future [27].


High Transmission Security

FSO is a very secure wireless solution. The laser beam that transmits data is very narrow and
can be invisible. Moreover, it cannot be detected with a spectrum analyzer, making it nearly
impossible to intercept. On the other hand, since FSO is a line of sight communication, any
interrupt in the link would cause an alert due to the signal loss at the receiver side.


License-Free Operation

FSO systems use unregulated optical spectrum containing frequencies from
� to
� � including infrared, visible and ultraviolet bands. Because the laser beam has a
wavelength in the micrometer range, and not in the traditional electromagnetic radio spectrum
(meter - millimeter), there is no need for license approvals [28].


Quick Deployment

As a wireless technology FSO doesn’t need the trenching and cable laying operation. Moreover
compared to the other wireless technologies, due to the license-free operation of FSO, it doesn’t
have the waiting time for registering certain frequencies by the license authorities.


Portability

FSO links use air (or water) as the transmission medium, thus the links can be moved and
redeployed in any location offering line of sight between the link heads [29].


Low-cost Operation

Because of license-free operation, FSO systems do not have an initial high cost of frequency
allocation. In addition, FSO has no sunk cost as is associated with fiber deployment. FSO
eliminates the cable related costs including initial cost such as cable, trenching, laying and
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maintenance or recurring costs of leased lines [30]. It is estimated that FSO systems can reduce
the setup cost of networks from one tenth to one third of the price of conventional fiber-optics
[31]. This investment for most FSO deployments returns within a year or less [29].


Full-duplex Operation

Some FSO systems can operate in full duplex operation. This means that information can be
received and transmitted in parallel and at the same time.


Immune to Electromagnetic Interference

Unlike RF, FSO channels have high environmental tolerance and are almost insusceptible to
electromagnetic interference (EMI). This character of FSO makes it suitable for applications in
vicinity of high voltage or strong magnetic fields.


Protocol Compatible

FSO links are compatible with a variety of protocols. This gives them the ability to integrate
quickly and easily into any existing networks. Protocols such as: Ethernet, Fast Ethernet,
Gigabit Ethernet, FDDI, ATM, and ESCON can all be transmitted through FSO links without
issue [30] .


Protocol Transparency

Protocol transparency refers to the ability of FSO to support any communication protocol. Due
to this FSO links are able to integrate traffic from heterogeneous networks.

2.4. Limitation and Challenges
Beside the significant advantages of FSO systems, they do come with some limitation and
challenges. As a prerequisite of connection establishment, FSO links require line of sight. Any
effect that disrupts this condition will affect the information flow. Moreover, the atmosphere as
the transmission medium of FSO systems is not predictable. Different atmospheric conditions
such as fog, rain and snow will affect the link performance.


Physical obstruction

FSO is a line of sight communication, everything that blocks the direct sight between the
transmitter and the receiver, can block the data stream. Due to this it is required that installation
site of FSO links be survived before installation to ensure that line of sight can remain clear for
a long time. Possibilities like growth of trees and future constructions should be considered. By
the way, birds still can momentarily interrupt the beam.


Building Sway/Seismic Activity

As Figure 2-10 shows, in urban area FSO equipment are usually mounted on roof top or on
surface of tall buildings. Since FSO is a directional communication, any misalignment between
the transmitter and the receiver line of sight can degrade the system performance. Strong winds,
thermal expansion of building frames and weak earthquakes sway high-rise building and cause
deviation of both the transmitter and the receiver from the common line of sight. The effect of
building sway can be reduced by using a broader transmitter beam or by applying auto beam
tracking equipment [32].
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Figure 2-10, Building Sway in FSO urban networks [33]

Solar Interference

FSO systems typically operate in the optical windows of
and
. The sun
emission spectrum starts from about .
and extends beyond
. Thus, there is a
potential solar interference, especially when sunrays directly fall onto the detector. However,
optical filter can greatly mitigate this effect [28].


The Impact of Weather and the Atmosphere

Performance of FSO systems is in direct relation with the ambient conditions of the link.
Atmospheric turbulence constantly threats the reliability of FSO systems. Precipitations (rain,
snow, hail, fog, haze, etc.) and air pollution can also degrade the performance of the FSO links.
These effects will be scrutinized later on in the Chapter 4.

2.5. FSO Network Architecture Topologies
It was mentioned earlier that FSO is a point-to-point communication. This lets FSO be easily
employed in any network topology, where there is a direct line of sight between the two
communicating node. This flexible feature enables the service providers to rapidly build and
extend their high speed access networks. In following, we will see how FSO can be integrated
in various network topologies.


FSO Point-to-Point

Point-to-Point (PtP) architecture connects two nodes with a dedicated bandwidth, with no
routing or switching occurring in the link. Consequently, PtP architecture offers higher
transmission speeds compared to the shared architectures. FSO PtP topology enables enterprises
to rapidly expand their secure high-bandwidth network to their discrete sites.
However, the PtP architecture is limited firstly because it cannot connect more than two points,
and secondly, the possible distance between them is limited due to the atmospheric effects. For
long-haul point-to-point links, intermediate relays can be installed to maintain the link budget.
However, the latter imposes complexity and cost to the network. The PtP topology is not reliable
since once the link becomes impaired, the communication between the two nodes is lost [28].


FSO Point to Multi-point

As the name suggests, in a point to multi point topology multiple links branch off from a single
node. Two approaches are considered in this topology: the first applies a wide aperture
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transmitter which spreads the light beam over all the end nodes. Obviously it is required that all
the receivers be contained in the transmitter’s field of view. The second approach applies
multiple beams each directed to each end node.


FSO Mesh

The Mesh architecture can be considered as a set of point-to-point links, in which every node
is interconnected to the other nodes, either directly or by a series of hops. The architecture offers
a state of redundancy, which increases the reliability of the network. The Mesh topology can
interconnect many nodes, however as the number of the nodes increases, so does the complexity
of the network. The distance between the nodes, based on the application cases, vary from a
few hundred meters to few kilometers.
The bandwidth of the communication in this topology equals to the minimum bandwidth of the
link sequences between the transmitter node and the receiver. The preference of the Mesh
topology compared to the others is scalability, expandability and its potential to support ultrahigh volume of traffic at very high data rates [28].


Ring and Spur Topology

The ring architecture can be described as a set of successive point-to-point links, which form a
closed loop. Since FSO links are full duplex, they can easily construct dual counter-rotating
rings. Such architectures are tolerant against single link failures. In that case, by applying traffic
loop-back mechanisms, the failed link is isolated and the service provision can be continued
[28]. Adding customers to the network is usually possible by establishing a link from a node in
the backbone ring; such link is termed as spur. Figure 2-11 depicts each of the above mentioned
topologies applied in a dense urban environment.

1. FSO point to point

2. FSO point to multipoint

3. FSO Mesh

4. FSO Ring and Spur
Figure 2-11, FSO network topologies
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FSO Point to Mobile (mobile Ad-hoc)

An emerging FSO topology is considered where an optical links is maintained between a
stationary node and a mobile node. Implementing this topology requires special transmitter and
receiver design. Moreover, auto alignment equipment should be adopted in order to keep the
line-of-sight needed for the optical channel. The topology can support the applications where a
huge bandwidth is required for a mobile vehicle or the cases when data should be exchanged
between the nodes in a very short time. As an example of such applications, one can refer to the
photographing UAVs. The optical link in this case is used to transfer live resolution aerial
photos to the ground site. Figure 2-12 shows a UAV transferring environmental information to
ground vehicles.

Figure 2-12, FSO mobile ad hoc network [34]
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Chapter 3 FSO Basics of Operation
This chapter discusses the fundamentals of FSO communication system. FSO can be described
as fibreless optical communication. In FSO system, unlike fiber optics where the laser beam is
transmitted through the confided fiber, the laser beam propagates through the atmosphere. On
certain atmospheric conditions light can even travel faster in air, compared to the glass mesh of
fiber. FSO systems exploit apparatus and techniques originally created for fiber optic-systems
[31]. Thus, industry standard components such as transmitters and receivers readily exist in the
market.
To modulate binary data on optical signal, most FSO systems use simple on-off keying (OOK)
technique. In OOK, the existence of light or the “on” state of the light source is equivalent to
the binary 1 and similarly nonexistence of light or the “off” state means 0. Thereafter, at the
receiver side, the transmitted optical signal is converted back to the binary data by a photodiode.
The whole described process is known as intensity-modulation/direct detection (IM/DD) [31].
Typical FSO transmitters emit laser beams with the wavelengths of 850- or 1550-nanometer.
These wavelengths fall into two spectral bands (atmospheric windows) that are not much
affected by the absorption effect of the atmosphere. As Figure 3-1 shows a lens collimates the
transmitted laser beam. Subsequently an expanding telescope is applied to expand a beam to
cover the possible trembles of the receiver. The light propagates through the terrestrial
atmosphere toward the receiver. The atmosphere affects the propagating light beam. When
some of transmitted light strikes the aperture of the receiver, the compressing telescope focuses
the beam on the photodetector. Immediately afterwards, the photodetector produces an
electrical current proportional to the intensity of the received light.

Figure 3-1, a block diagram of an IM/DD FSO channel [21]

3.1. Transmitters
An optical transmitter converts data from digital bit sequence to optical stream. For optical
communication systems, the adopted light sources (transmitters) must have the appropriate
wavelength, numerical aperture, high radiance with a small emitting surface area, long life, high
reliability and high modulation bandwidth.
The most commonly used transmitters in FSO are light emitting diodes (LED) and lasers diodes
(LD). Both LEDs and laser diodes rely on the electronic excitation of semiconductor materials
for their operation. Although laser diodes are the typical light source of most FSO applications,
however LEDs may be more practical for short-distance indoor applications that require some
degree of mobility. Lasers, due to their highly directional beam profile, are mostly used for
outdoor applications [5]. Transmitters in general differ in wavelength, power and modulation
speed. The choice of a specific transmitter depends on the particular target application and the
configuration where it is to be used.
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3.1.1. Light-Emitting Diodes
LEDs are semiconductor p-n junction diodes that give off spontaneous optical radiation under
a forward bias voltage [3]. Due to their relatively low transmission power, LEDs are typically
used in applications over shorter distances with moderate bandwidth requirements up
to
.
The p-n junction is formed by joining a positive doped (p-type) and a negative doped (n-type)
semiconductor layer together in very close contact in a single crystal. As soon as the two pieces
of doped semiconductor material are adjoined, electrons diffuse from the n-region to the pregion to recombine with holes, leaving behind immobile donor ions. Similarly, holes diffuse
from P-region to n-region to combine with electrons, leaving behind immobile acceptor ions.
As Figure 3-2 shows, the immobile donors and acceptors ions build up a potential barrier (high
internal electrical filed) on the vicinity of the junction. This barrier opposes against further
diffusion of mobile carriers. Since this region is voided from mobile charge carriers, it is known
as depletion or neutral region. When no external voltage is applied to the structure, the electrical
filed present in the depletion region stops the charge movement and no further recombination
can take place. The width of depletion region depends on the doping level of the p- and nregions and the external applied voltage.

Figure 3-2, p-n junction

LEDs operate under forward bias conditions. At that state, as figure 3-3 shows, a negative
voltage is applied to the n-type material and a positive voltage is applied to the p-type material.
The forward bias decreases the width of the depletion region thus the electrons and holes find
enough energy to pass the barrier and recombine. When an electron in the conduction band
recombines with a hole in the valence band a photon is emitted.
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Figure 3-3, Schematic diagrams of Light Emitting Diodes (LED) [35]

The energy of the emitted photon equals to the energy difference between conduction and
valence band of LED’s semiconductor material. The latter is known as bandgap energy ( � ) in
literature and is measured in electron-volts. The wavelength ( ) of the light emitted during this
process comes from Equation (1)

where ℎ =

.

×

−

=

ℎ.

�

is the Plank’s constant and

(1)
=

×

/ is the speed of light.

Depending on semiconductor material system, LEDs can operate in different wavelength ranges
[5]. Table 3-1 shows a list of semiconductor material systems and the relationship between
bandgap energy and emission wavelengths. For FSO applications, the Gallium Arsenide (GaAs)
and Indium-Gallium-Arsenide-Phosphide ( AlGaAs ) materials are of interest because their
emission wavelengths respectively fall into the atmospheric window around
and
.
Table 3-1, Common LED materials, their optical radiation wavelengths and their bandgap energy [5] [29]

Material Wavelength Range (nm) Bandgap Energy (eV)
GaInP
640–680
1.82–1.94
GaAs
910-1020
0.9–1.4
AlGaAs
800–900
1.4–1.55
InGaAs
1000–1300
0.95–1.24
InGaAsP
900-1700
0.73–1.35
3.1.2. Laser’s principle of operation
Lasers are devices that produce intense beams of light, which are monochromatic, coherent,
and highly collimated. Compared to LEDs, the wavelength of laser beam is extremely pure
(monochromatic). All the constitutive photons of laser beam have a fixed phase relationship to
each other (coherent). The laser beam is collimated and typically has a very low divergence. It
can travel over great distances or can be focused to a very small spot with an extreme intensity.
The term LASER stands for Light Amplification by Stimulated Emission of Radiation. Einstein
originated the idea of stimulated emission of radiation around 1916. Until that time, science
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only believed in two ways of interaction for a photon and an atom, including absorption and
spontaneous emission.
According to the Bohr’s atom model, atoms can exist only in certain discrete energy states
known as energy levels. An incident photon can be absorbed by an atom and increase its energy
level. An atom in a higher energy state may decay to a lower energy state while a photon is
emitted in the process of spontaneous emission. An incident photon can stimulate an excited
atom to jump from a higher energy state to a lower energy state and release the energy in form
of an additional photon. The stimulated photon in this process will be emitted in the same
wavelength, phase and direction with the incident photon. Figure 3-4 depicts the possible
interaction of a photon and an atom with a two level system.



Figure 3-4, possible interactions of light with a two level system [9]

Population Inversion

Now let’s consider a medium with a large number of atoms (molecules), some of them are
excited and the rest are in the ground energy state. If more atoms are in the ground state than in
the excited one, the lower-level atoms would absorb the passing photons. However, if the
number of photons in the excited level exceeds the number of photons in the lower level, a
condition called population inversion is created. In that situation, the number of photons will
increase as they propagate through the medium due to the fact that each photon that collides
with an excited atom, causes the stimulated emission of a second photon. So a medium with
population inversion has gain and can increase power of a light signal like an amplifier. Such
medium is called active medium, amplifying medium or gain medium.
Lasers require the state of population inversion for optical amplification. To maintain a
continuous state of population inversion an external “pumping source” is required. The most
common pumping methods are electrical pumping and optical pumping. The pumping source
continuously excites the atoms of the gain medium from the lower level to the upper level.


Optical feedback

Although with a population inversion a light signal can be amplified via stimulated emission,
but most of the excited atoms in the population emit spontaneously and do not contribute to the
overall output. To cause the majority of the atoms in the population to contribute to the coherent
output, a positive feedback mechanism is needed. The feedback mechanism is obtained by
placing the active medium between a pair of mirrors, which are facing each other (known as
resonator or optical cavity). The mirrors could be either plain or curved and are designed such
that one of the mirrors reflects all the light that reaches it while the other one has a partially
transmitting coating that directs out a small portion of light. As Figure 3-5 depicts, the
combination of laser gain medium, pumping source and optical cavity forms a simple laser
oscillator [36].
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Figure 3-5, Basic laser components including gain medium, pumping source and resonator [36]

In a laser oscillator, the pumping source excites electrons in the gain medium to achieve the
state of population inversion. As some of the excited atoms starts to decay, they emit photons
spontaneously in various directions (Figure 3-6.b). Some of the photons propagate along the
resonator axis (on-axis), but most of the photons are directed out the sides (off-axis). The
spontaneously emitted photons traveling on-axis find the opportunity to trigger stimulated
emission of the gain medium’s atoms that they encounter. The photons traveling in other
directions are lost through the walls of the cavity and do not contribute to the amplification
(Figure 3-6.c) [28].
Resonator reflects back the photons traveling parallel to the axis into the gain medium to
stimulate further photon emissions. As the photons traveling on-axis are reflected back and forth
interacting with more and more atoms within the lasing medium, spontaneous emissions
decrease and stimulated emissions along the axis sharply increase (Figure 3-6.d) [37].
As the light makes a round-trip through the gain medium, it is amplified with a gain coefficient,
while at the same time being attenuated by a loss coefficient. The loss in a laser system is
typically due to the partial transmission of the light through the front end mirror and because of
the absorption and scattering of light at the surrounding mirrors and the gain-medium.
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Figure 3-6, Laser amplification and oscillation process due the action of optical resonator [38]

The threshold condition for laser oscillation

Although the population inversion is the necessary condition for the laser oscillations to be
established, but it is not a sufficient condition. The initiation of laser oscillation requires that
the signal gain coefficient be greater than the loss coefficient [25]. The minimum value of the
gain required to initiate and sustain the laser oscillation is known as the threshold gain (gth). As
energy is pumped in the amplifying medium and excitation and stimulation process continues,
the gain reaches the threshold value and the lasing process starts. When the gain exceeds the
threshold value, the laser output beam will become stable [25].
3.1.3. Laser Diodes (Semiconductor laser structures)
The typical optical source in commercial FSO industry is semiconductor laser diode, because
of its relatively small size, high power and cost efficiency [17].
A laser diode is a forward-biased, electrically pumped laser in which the active medium is
formed by a p-n junction semiconductor. The state of population inversion is achieved by
passing electric current through the active medium. The necessary feedback for lasing action is
provided by polishing the facets of the semiconductor crystal to make them act as mirrors of
optical cavity [3]. Figure 3-7 pictures the flow of current and light in a simple laser diode. The
drive current flows from the p to the n-region through the metal contacts. The active region is
the junction of the p and n-regions, where optical gain occurs. The laser beam propagates
perpendicular to the direction flow of the current [26].
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Figure 3-7, structure of a simple laser diode [39, p. 117]

Figure 3-8 depicts output power (W) against driver current (A) in a laser diode. It shows that at
low drive currents below the threshold level where the gain is less than loss, the emission of the
laser diode is spontaneous just as in LED. When the laser threshold gain is reached, a small
increase of the drive current results in a drastic increase of the output power.

Figure 3-8, Laser output power against drive current [5]

The wavelength of the emitted beam from a laser diode depends on the band-gap energy of the
active material and geometry of the optical cavity. The band-gap energy itself depends on the
atomic composition of the semiconductor material(s). Table 3-2 summarizes common laser
diode materials and their corresponding radiation wavelengths that are relevant in FSO.
Table 3-2, FSO interest wavelengths and corresponding materials

Wavelength
850 nm
1310 nm
1550 nm

Semiconductor material
AlGaAs
InGaAsP
InGaAsP & InGaAsSb
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3.2. Receivers
Free space receivers are quite similar to fiber-based receivers. A FSO receiver is usually
consisted of a filter, a telescope and a photodetector. Considering that optical signals are subject
to attenuation and noise along their propagation in the free space, the receiver passes the
incoming optical signal through a filter to minimize the noise effect. Subsequently the telescope
collects and concentrates the optical beam onto a photodetector. Thereafter the photodetector
directly detects the changes in the intensity of the received optical signal and converts it into
the digital signal.
3.2.1. Receivers figures of merit
Photodetectors are the main component of the optical receivers. The efficient operation of the
photodetector defines the throughput of the receiver and has a significant impact on the overall
system performance. The major characteristics that define the performance of photodetectors
are responsivity, sensitivity, rise time and quantum efficiency [28].


Responsivity

Responsivity
or photosensitivity is defined as the detector’s generated photocurrent
per unit of the incident optical power � .
=

�

(2)

Amperes/watt unit usually expresses responsivity. The manufacturers usually specifies the
responsivity of photodetectors.


Sensitivity

Receiver sensitivity is defined as the minimum average received optical power required by the
detector to achieve a certain data rate and performance, denoted by �� [40, 28].
��

where



=

ℎ

ℎ =

(3)


is the average number of photons carried for each 1 bit (# photons/bit),

is the signal’s bit rate (bits/s) with a certain performance (Bit error rate),

and are respectively frequency and wavelength of the optical signal,
 ℎ is the Plunk’s constant and is the speed of light in vacuum.

Quantum efficiency

Quantum efficiency
of a photodetector describes the efficiency of photon to electron
conversion process. It is defined as the ratio of the number of electron-hole (e-h) pairs that are
generated to the number incident photons over a period of time [41].

=

( )
Number of electorn hole pairs generated per second
=
=
Number of incident photons per second
( )
ℎ
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ℎ

(4)

where e is the electron charge.
Quantum efficiency depends on the detector’s material.
Responsivity is proportional to the quantum efficiency through the following relation:
=

ℎ

⇒

=

ℎ

=

ℎ

(5)

in which is the wavelength of the optical signal in micrometers. The latter equation can be
rewritten in terms of the generated photocurrent:



Rise-time:

=

�

ℎ

(6)

The rise-time , is defined as the time over which the current builds up from 10% to 90% of
its final value when the incident optical power is changed suddenly due to a step shaped light
pulse [42].

3.3. Photodiodes (Semiconductor photodetectors)
The most widely applied photodetectors in optical communication are semiconductor
photodiodes, commonly referred as photodiodes. Photodiodes are small, fast, high sensitive and
can provide many different wavelength bands that are relevant for FSO systems. Photodiodes
exist in different structures, the most common photodiodes in optical communication are as
follows:
3.3.1. P-N junction photodiode
The simplest form of a photodiode is a reverse-biased p-n junction diode which its junction is
exposed to external light. The p-n junction diode is described in detail in Section 3.1.1. LightEmitting Diodes. Under reverse-bias condition, a positive voltage is applied to the n-type
material and a negative voltage is applied to the p-type material (Figure 3-9.a). At this state, the
built-in potential barrier at the junction increases and the depletion region gets wider (Figure
3-9.b). Therefore, almost no mobile carrier in diffusion region has enough energy to pass the
junction barrier (Figure 3-9.c). Consequently, almost zero current flows across the junction.
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Figure 3-9, P-N junction photodiode [43, p. 112]

When an incident photon is absorbed to the photodiode through the p-region, then it is
concentrated on the junction region. If the photon’s energy (hf) be greater than the band-gap
energy (Eg) of the semiconductor material, it will excite an electron from the valance band to
the conduction band and leaves a hole in the valance band. Thereby a free electron-hole pair
will be generated in the process. If this generation of carries occurs in the depletion region, the
high electric field present in the region causes carriers to separate and rapidly drift in opposite
directions toward their respective regions (Figure 3-9, Figure 3-10.a). This drift sets an electron
flowing as current in the external circuit (Figure 3-10.b).

Figure 3-10, P-N junction photodiode [43, p. 112]
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The width of depletion region depends on the applied reverse bias voltage and the doping levels
in the p- and n-regions. In a p-n photodiode this width is normally around to
and is
optimized for the efficient detection of light at a given wavelength [44].
Due to the fact, the depletion region in p-n junction photodiodes is very thin, the quantum
efficiency of them is not usually very high. Most of the light that is absorbed on the receiver
aperture will simply go waste and does not contribute to the overall photocurrent [45].
3.3.2. PIN (Positive-Intrinsic-Negative) Photodiodes
The structure of PIN photodiode is designed to overcome the deficiencies of p-n junctions [46].
PIN photodiodes operate in exactly the same principle as p-n junctions. As Figure 3-11 shows,
the difference is that in PIN’s structure the width of depletion region is extended by inserting
an intrinsic (undoped or lightly doped) semiconductor layer between p and n-regions.

Figure 3-11, the structure of a PIN photodiode [43]

The wider intrinsic layer design lets most of the incident photons be absorbed to it. This
drastically improves the responsivity and rise time of PIN diodes when compared to p-n diodes.
The wider depletion region also allows the operation at longer wavelengths [40]. In normal
operating conditions, a sufficiently large bias voltage is applied across the device to ensure that
the intrinsic region is voided of any charge carriers.
PIN is definitely the most commonly used photodiode in FSO equipment [29]. PIN
photodetectors are capable of operating at very high bit rates exceeding
[5, 40].
3.3.3. Avalanche Photodiodes (APD)
Another type of photodetector applied in optical communication is the avalanche photodiode
(APD). The main difference between APDs and PIN or p-n diodes is the provided inherent
current gain mechanism within APDs. This gain process potentially improves the receiver
sensitivity.
In an APD, the reverse bias voltage applied to the junction is high, close to the breakdown limit
of semiconductor material. As a result a very strong electrical field occurs in the depletion
region. Once a photon is absorbed in the depletion region, primary electron-hole pair are
generated. These charges greatly accelerate under the effect of the strong present electrical field.
Thereby they acquire several electron volts of kinetic energy. When an accelerated carrier
collides a neutral atom in the intrinsic region, it has enough energy to raise a bound electron
from the valence band to the conduction band. A secondary electron-hole pair is thus created.
The process of creating secondary carriers is known as ionization. The primary carriers can
create several new secondary carriers, and secondary carriers themselves can create new carriers.
The whole process is called avalanche multiplication [46, 47]. Therefore, the current produced
by one photon is multiplied many times, resulting in a very high current gain.
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A commonly used APD in optical communication is reach-through APD, which is fabricated
in the + − + structure. Here, + denotes to a heavily doped p-region, − to a very lightly
(close to intrinsic) p-doped region and + to a heavily doped n-region. As Figure 3-12 describes,
light enters the structure through the thin + layer and photon absorption occurs in the wide
−
region. There, as a result of absorption electron-hole pairs are created. The generated
electrons drift through the − region into the p-n+ junction where avalanche multiplication (gain)
process takes place. Gain factors are normally around a few hundred.

Figure 3-12, cross section and bias supply of an APD [48, p. 220]

When the reverse bias applied across the structure is large enough (close to the breakdown limit
of semiconductor material), the − region is completely depleted. It can be said that the
depletion region of _ + junction reaches through the p to the contact layer of − and p+
regions [49].

3.4. Photodetector Selection Criteria for FSO
The selection of photodetectors in free space optical communication depends on the specific
application. However, the following criteria describe the most important performance and
compatibility requirements for optical wireless detectors [29].
1. High sensitivity. The detector should have a high sensitivity at the transmitter wavelength.
2. High fidelity. The response of the photodetector must be linear in respect of the optical
signal over a wide range of input optical powers.
3. Large detection area. to offer a large collection aperture and increased effective detection
field-of-view (FoV)
4. High quantum efficiency. The photodetector should produce a maximum electrical signal
for a given amount of optical power; that is, the quantum efficiency should be high.
5. Short response time. The detector should offer short response time to be able to support high
bandwidth communications up to several GHz.
6. Minimum noise introduced by the detector. Dark currents, leakage currents and shunt
conductance must be low. Furthermore, the gain mechanism within the detector must be of
low noise.
7. Low bias voltage. Ideally, the detector should not require excessive bias voltages or currents.
8. Other considerations: low cost, small size, high stability and high reliability
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The semiconductor materials of photodetectors determine on which wavelength range the
device can be used. Silicon p-n junction detectors are the best choice for the shorter wavelength
applications in the
spectral windows. PIN detectors are recommended for applications
over short distances when the opposite transmitter has sufficient transmission power.
PIN detector is an ideal choice for applications in
window. The responsivity of the
material systems can be as high as 0.9 A/W around
[13].
photodiodes are commercially available, they have excellent modulation characteristics and
they can operate at high speeds around
and even higher [29]. APDs are usually applied
in high speed long-haul applications. However APDs have a lower signal to noise ratio (SNR)
than PIN detectors. In addition, APDs require a stable high-bias voltage and they expose more
cost to the system.

3.5. Receiver’s Performance
Considering the signal attenuation along the terrestrial FSO links, the system performance is
determined by the detector. Performance of photodetectors is usually expressed by signal to
noise ratio (SNR) and bit-error-rate (BER).
3.5.1. Signal to Noise Ratio
SNR is one standard measure to express the strength of the received signal compared to noise
at the receiver terminal. SNR is usually measured in unit of decibels (dB). A receiver with larger
SNR is preferred since it has a better performance in extracting the transmitted signal from the
possible noises. The SNR of a photodetector is defined as [50]
SNR =
3.5.2. Bit-Error-Rate

average signal power
=
noise power
�

(7)

The performance of a digital receiver is normally specified by BER. BER is defined as the
probability of error in bit detection at the receiver, i.e interpreting a “1” bit as “0” or vice versa.
A typical requirement for optical receivers is BER < − (less than one error in one billion
bits). For FSO systems with IM/DD and on-off keying (OOK) modulation scheme in presence
of noise, BER can be estimated through the following expression.
=�
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where �
and �
are respectively the probabilities of sending 1 and 0. � | and � |
are the conditional bit-error probabilities when the transmitted bit is 1 and 0. Since 1 and 0 bits
are equally likely to occur, �
=�
= / , and the BER becomes:
=
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(9)

For a Gaussian laser beam � | = � | ]. The relationship between SNR and BER for a
Gaussian shape and OOK modulated signal is as follows [50]
=

[√

where erfc(x) is the complementary error function
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/ ]

(10)

Figure 3-13 shows BER versus SNR for different modulation schemes for encoding information
on FSO optical channels. The theory of modulation is beyond the scope of this thesis.

Figure 3-13, BER versus SNR for different modulation schemes [51]

3.6. Laser Safety
Although increasing energy of optical beams can compensate atmosphere attenuations and
increase their effective range, but optical power level is restricted due to safety considerations.
LED optical sources emit a broad un-concentrated beam, which can be assumed safe to human
eye. In contrast, lasers are strictly subject to safety standards due to the hazards that energetic
laser beams can cause to human. Exposure to an energetic directional laser beam can sustain
ocular and cutaneous traumas. The severity of the injuries depends on several factors such as
the wavelength of radiation, the beam form, the exposure duration, the distance from the
transmitter and etc. [52].
The ocular hazards represent a potential for injury to several different structures of the eye. This
is generally dependent on which structure absorbs the most radiant energy per volume of tissue.
Retinal traumas are possible when the laser emission wavelength falls in the visible and nearinfrared spectral regions (400-1400 nm). When a collimated light beam, like laser, in this range
reaches the eye; the cornea focuses the beam in a small spot on the retina by a factor of 100,000
times. Such focusing increases the temperature of retina tissue and can cause a burn at the spot.
Although, Laser emissions at higher wavelengths (middle and far-infrared) cannot enter the
retina but they can cause corneal traumas instead [52, 53].
In 2001, the International Electrotechnical Commission (IEC) published a pervasive standard
(60825-1) for the safety of laser products. This standard defines Maximum Permissible
Exposure (MPE) and Accessible Emission Limit (AEL) values of optical sources for human eye
and skin. MPE is defined as the maximum level of laser radiation in which a person may be
exposed to without facing injuries. MPE values depend on the wavelength of radiation and the
exposure time and are measured in Watts/m2. AEL is determined as the product of the MPE and
the Area of Limiting Aperture (ALA) and is measured in Watts. The classification of laser
products is based on AEL metric. IEC laser safety standard classifies the level of risk of laser
radiations based on AEL into 7 classes as summarized in Table 3-3 [54].
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Table 3-3, classification of Lasers according to IEC 60825-1

Category
Class 1
Class
1M

Description
Safe under reasonably foreseeable conditions of operation
Lasers emitting in the wavelength range from 302.5 nm to 4 000 nm
safe
under
reasonably
foreseeable
conditions
of
operation
direct beam viewing with optical instruments can be hazardous
Class 2
Lasers that emit visible radiation in the wavelength range from 400 nm to 700
nm. Eye protection is afforded by aversion responses, including the blink
reflex.
Class
Lasers that emit visible radiation in the wavelength range from 400 nm to 700
2M
nm. Eye protection is normally afforded by aversion responses including the
blink reflex. Direct beam viewing with optical instruments can be hazardous
Class 3R Lasers that emit in the wavelength range from 302,5 nm to 106 nm
direct beam viewing with optical instruments is potentially hazardous
The risk is lower than for Class 3B.
Class 3B Lasers those are normally hazardous when direct intrabeam exposure occurs.
viewing diffuse reaction is safe
Class 4
Lasers that are also capable of producing hazardous diffuse reflections. They
may cause skin injuries and could constitute a fire hazard. Their use requires
extreme caution.
The lasers classified as class 1 can be applied simply in FSO communication since their
radiation are always safe. These groups of lasers are not subject to safety precautions. However
most commercial FSO applications that demand up to .
use class 1M lasers. Each class
1M and higher laser product should have affixed a warning label. On certain instances, where
higher-class lasers are required for FSO links, the safety of these systems is maintained by
installing the optical beams on rooftops or on towers with safety labels and warning signs to
prevent inadvertent interruption [5]. On some long range links even though Class 3B lasers are
used in the FSO equipment but the systems are considered as class 1 or 1M since a lens spreads
the beam over a wide enough angle before it enters the space in front of aperture.
The FSO hardware currently on the market can be classified into two broad categories: systems
that operate near
wavelength and those that operate near
. Eye safety
regulations allow a laser system operating near
wavelength to transmit up to 50 times
more power than a laser operating near
with the same aperture size [55]. However,
currently the equipment operating at far-infrared band are much more expensive and less
available compared to the devices in near-infrared band. So the designer of a FSO link should
consider a tradeoff between system performance, safety aspects and equipment expenses once
he is selecting the system wavelength.
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Chapter 4 FSO Channel Modeling
This chapter explains different effects of the atmosphere on terrestrial FSO links by proposed
models to estimate the expected path-loss from each effect. Let’s consider a network where the
communicating nodes are interconnected by point-to-point terrestrial FSO links. When a source
node wants to send a packet to a destination node in the network, there may be several routes
possible to direct the data toward the destination. The route which has the highest reliability and
performance is preferred to other possible routes. In order to quantify reliability and
performance of terrestrial FSO links we need to know the influencing factors on the propagation
of light in the atmosphere. The most significant factors causing path loss in terrestrial FSO links
include optical loss
, geometrical loss � , pointing loss
, atmospheric loss
and scintillation loss
. This factors are classified in three classes as follows

4.1. Losses due to optical components, beam divergence and misalignment
4.1.1. Optical Loss
Optical losses refer to the attenuation of transmitted signal due to imperfect optical component
used in both the transmitter and receiver including filters and lenses. The amount of optical loss
(
depends on the quality and characteristics of the optical components. The loss values are
usually measured and announced by the component manufacturers. Those FSO transceivers that
are installed behind the windows of building are subject to additional optical power loss due to
windows glass attenuation.
4.1.2. Beam Divergence (Geometric) Loss
Due to spatial diffraction, the laser beam diverges from its collimated form as it propagates
away from the transmitter aperture. Figure 4-1 implies that beam divergence causes a
considerable portion of laser beam to waste and doesn’t fall on the receiver aperture.
Consequently the power intensity at the receiver drops. Nevertheless, in some FSO systems the
divergence of the beam is intentionally engineered to protect the connection against beam
wobbles. The attenuation due to beam divergence with increasing range is called geometric loss
( � ). It is equal to the surface area of the receiving aperture relative to the surface area of the
beam at the receiver.
�

=

surface area of reciver aperture
�
=�
surface area of beam at distane
×

=(

×

)

(11)

where is the radius of the receiver aperture in meters, is the path length between the emitter
and the receiver in km and is the optical beam divergence in
.

Figure 4-1, Beam divergence [5]
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4.1.3. Pointing Loss
Pointing refers to the operation of directing the laser beam precisely towards the receiver.
Pointing loss (
) induce signal fades at the receiver terminal which result in major
degradation of the system performance and reliability [56]. The Pointing error is the overall
displacement between the laser beam center and the receiver aperture center. This error is
dividable in two components: a fixed error called bore sight, and a random error, called jitter
[57]. The pointing error can be caused due to turbulence induced beam wander, optical
misalignment, mechanical vibrations and relative movements of the transmitter or receiver [58].
The pointing loss for FSO links shorter than 1km is negligible but for longer range links its
effect shouldn’t be neglected [10].

4.2. Atmospheric Transmission Loss
The atmosphere severely affects most of the properties of a propagating light beam [34]. To
realize how the atmosphere affects terrestrial FSO links, the physics of the atmosphere need to
be learnt. The atmosphere is mainly composed of different gaseous molecules such as N2, O2,
Ar and CO2 with fixed density portions. There are also various suspended fine particles, so
called aerosols, which constitute a variable density of the atmosphere. Atmospheric aerosols
are most notably hydrometeors (such as rain, snow, hail) and lithometeors (such as dust, sand
and smoke). The concentration of these particles in the atmosphere differs in time and location.
4.2.1. Absorption
The constituent molecules and aerosols of the atmosphere may absorb photons traveling along
FSO links through the terrestrial atmosphere. The radiant energy of the extinguished photons
converts to the internal energy of the absorber matter. This process decreases the intensity of
the light beam at the receiver side and affects the performance of the system. The absorption
coefficient of light beam with a specific wavelength is denoted by
, which depends on the
type of absorbing gas molecules and on their concentration [6]. In [59], the authors derive
through the Equation (12):

where:

=

�

=�

(12)


is the imaginary part of the refractive index of the absorbing particles.

is the concentration of the absorbing particles per volume unit [ /
].
 � is the effective cross-section of the absorbing particles [
] which comes
from Equation (13):
� =

�

�

−
+

4.2.2. Scattering

(13)

Scattering can be defined as angular redirection of the propagating photons due to the collision
with the atmospheric molecules [60]. Scattering mechanism can be described as a “pinball
machine” which disperses the photons in every possible direction. Unlike the absorption,
scattering doesn’t affect the wavelength or energy of the photons [29]. However light scattering
can significantly reduce the intensity of light beam at the receiver side, and so degrade the
performance of the FSO system [61].
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Scattering depends to the size and type of the encountering particle and on the wavelength of
the light . To describe this relation it is assumed the scattering particles are spheres with
radius . Subsequently the size parameter is defined as
= � / . Based on the size
parameter, three kinds of scattering mechanisms are considered. If
, the scattering
regime is classified as Rayleigh scattering; if
≈ as Mie scattering and for
as
Geometric Scattering [5]. Figure 4-2 depicts interaction of light with scattering particles in
different possible regimes.

Rayleigh scattering

≈

Mie scattering

Geometric Scattering



Figure 4-2, Scattering of an incident radiation of wavelength by an aerosol particle of radius r [47]

Rayleigh scattering (molecular)

Rayleigh scattering refers to the scattering of light by atmospheric gaseous molecules whose
sizes are much smaller compared to the wavelength of the incident electromagnetic radiation.
In [59] Rayleigh scattering coefficient is expressed as follows:
=�

where:




(14)

: is the molecular scattering coefficient per unit of length.
: is the concentration of atmosphere molecules in each cubic meter [ /
].
� : is the cross-section area of scattering particle [
] which comes from the
following equation
� =

�

(

�

)

�
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where:




: is the refraction index of scattering gas molecules.
: is the wave length of the scattered light beam [m].
: is the density of air molecules [ /
].

for FSO systems operating in the near-infrared wavelength range, the effect of Rayleigh
scattering on transmission light is ignorable. [62]


Mie scattering

Mie Scattering is the main cause of attenuation for terrestrial FSO links [62]. This scattering
regime happens due to aerosol particles present in the atmosphere which have almost the same
size as the wavelength of the incident beam. Fog, haze, mist and pollutions like smoke particles
are the major contributors to aerosol scattering in the near infrared wavelength range [29].
Theoretically, Mie Scattering coefficient is a function of several parameters including the size,
refractive index and concentration of aerosol particles, the wavelength of the incident radiation
( ) and Aerosol Particle-Size Distribution per unit of volume in the atmosphere. In practice, the
aerosol particles have complex shapes and are irregularly distributed in the atmosphere.
Moreover the concentration of the aerosol particles in the atmosphere differs by time and
location changes. Thus it is complicated to derive the aerosol scattering coefficient by those
parameters.
Instead, visibility is an easy measurable metrological quality which is closely related to the
mentioned determinants of the Mie scattering coefficient. The visibility is the distance that a
parallel beam of light must travel through the atmosphere until its intensity decreases to 2% of
its original value. An empirical equation to express aerosol scattering coefficient ( � ) in
terms of visual range is known as Kim model: [6, 29]
�
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where V corresponds to the visibility in kilometers and is the wavelength of the incident laser
beam in nanometers. is a factor which depends on the scattering aerosol particle-size
distribution and its values are given based on the visibility condition as follow:
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Geometrical scattering happens by particles that are several times larger than the incident
wavelength. This scattering regime occurs in the terrestrial atmosphere when large dust particles,
rain drops, snow crystals, hail, cloud droplets or heavy fogs geometrically scatter laser beams
[63].
Rainfall effect on FSO systems: Rainfall is a dominant factor of attenuation in FSO links.
Raindrops have radius between . and
, which is much larger than the incident beam
wavelength. According to [64] the rainfall attenuation is wavelength independent and is in linear
relation with the rainfall rate. Moreover, the mean raindrop size increases with rainfall rate. The
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rainfall attenuation model proposed by Achour in [64] relies on several parameters such as radii
of droplets, rain drop concentration, rain drop size distribution, etc. which are hard to acquire
in practice.
Carbonneau and Wisley developed a straightforward rain attenuation model in [65]. Their
model is still widely accepted in FSO literatures such as [6] and [66]. According to their model,
the rainfall attenuation (
) can be achieved only by knowing rainfall rate
through the
following equation:
= .

.

[

/

]

(18)

Snowfall effect on FSO Systems: Experiments show that FSO links which are exposed to
snowfalls, experience attenuation. Since the size of snowflakes ( to
) is much larger than
the transmission wavelengths used in FSO, the snowfall scattering is classified as geometrical.
The particle size and water content of snowflakes are the important factors in calculating
snowfall attenuation. According to water content of snowflakes, snow can be classified dry and
wet. Dry snow compared to wet snow has a less destructive effect on the propagating laser beam.
The attenuation of FSO links due to snowfall has been modeled based on dry or wet snow, as a
function of precipitation intensity
given in [
/ℎ] and the transmission wavelength ,
as follow [66] :
= a.

For dry snow:
a= .

×

−

+ .

For wet snow:
a= .

×
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−

+ .

/

]

(19)
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(20)
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(21)

Hail attenuation in FSO systems: Hail is frozen rain droplets that also affect the integrity of
optical signals. Hailstones usually have radii from
to
. Hailfall is usually with a
high intensity but for very short duration. Hailfall cause high attenuation and can even result in
total outage of the light signal during its burst. However, since in most cases the possibility of
occurrence is very low, it can be ignored in the link design calculation [67].
Table 4-1 shows the radii of the typical scattering particles within the terrestrial atmosphere and
their respective size-parameter for laser wavelengths of
and
. Moreover, it
indicates the corresponding scattering regimes of the incident wavelength and particles.
Table 4-1, typical atmospheric scattering particles with their radii and scattering process [5]

Size-parameter (x0)
=785 nm
=1550nm
Air molecules
0.0001
0.0008
0.0004
Haze particle
0.01 to 1
0.08 to 8
0.04 to 4
Fog droplet
1 to20
7.4 to 147.8
4 to 80
Rain
100 to 10,000
800 to 80,000
400 to 40,000
Snow
1000 to 5000
8000 to 40,000
40000 to 20,000
Hail
5000 to 50,000 40,000 to 800,000 20,000 to 400,000
Type

Radius ( m)
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Scattering Process
Rayleigh
Rayleigh-Mie
Mie-Geometrical
Geometrical
Geometrical
Geometrical

4.3. Atmospheric Turbulence Induced Fading
When solar radiation heats the earth’s surface, the air around it becomes warmer. The warmed
air molecules spread apart; accordingly, it becomes less dense and lighter than the air above it.
The unstable warm air rises and the cooler denser air quickly descends to replace it. This
phenomenon generates discrete air cells with different temperatures fluctuating vertically.
However, it is not the only effect of the sun on the atmosphere. As solar radiation is not equally
distributed on the earth’s surface, temperature variations emerge in different areas of the
atmosphere. This disrupts atmospheric pressure equilibrium and creates horizontal movements
of the air cells. The resultant of the mentioned effects, forms eddy air currents in the atmosphere
termed as atmospheric turbulence as shown in Figure 4-3.

Figure 4-3, turbulent air eddies in the atmosphere

4.3.1. Refractive index structure
Refractive index structure parameter ( ) is the most significant parameter that determines the
turbulence strength. It depends on several parameters such as the temperature, wind strength,
altitude, humidity and atmospheric pressure, which make it complicated to model. However,
for horizontal links the value of
is considered to be constant and it typically range from
−
− /
− /
or less for weak turbulence conditions, to −
or more for strong
turbulences [68].
4.3.2. Scintillation
Atmospheric turbulence randomly distributes discrete air packets of various temperatures
around the earth’s surface [5]. Inhomogeneities in the temperature of the discrete air cells result
in variations of their refractive indices. Random variation in the refractive index of the
turbulence cells, along the propagation path of the laser beam, results in fluctuation of the
amplitude and phase of the received signal. Fluctuation in intensity of light at the receiver
terminal due to atmospheric turbulence are known as scintillation [28]. Scintillation increase
BER and severely impacts the reliability of the system, especially where the link length spans
several kilometers [5]. Figure 4-4shows how turbulent atmosphere distorts the optical beam in
a terrestrial FSO link before the beam is reached to the detector.
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Figure 4-4 the effect of atmospheric turbulence on a Gaussian beam from a FSO transmitter [34]

A common measure of the scintillation intensity is scintillation index (� ) that is defined as
� =

−

=

−

(22)

where denotes the intensity of the optical wave incident on the detector and
denotes the
average value over time. Scintillation index is an important factor for determining the FSO
system performance under atmospheric turbulent conditions [48]. Nevertheless, the strength of
scintillation is generally determined based on the log-amplitude variance denoted by �
6

√

� = .

(23)

where
is the refractive index structure parameter [ − / ],
number measured in [ − ] and L [ ] is the length of the link.

= �/ is the optical wave

The relationship between log-amplitude variance and scintillation index is given by
� = exp �

−

(24)

Weak fluctuations are associated with � < , moderate with � ≈ , strong with � >
the saturation regime is defined by �
, � → ∞ [60].

and

In case of a Gaussian optical wave, particularly for a focused beam like laser, the classification
of turbulence strength only based on the log-amplitude variance is not sufficient. For weak
fluctuation regimes, the beam should additionally correspond to set of conditions as below

where Ʌ =

� <

� Ʌ

/

<

(25)

is the beam diffractive parameter and w is the radius of the Gaussian beam at

the receiver terminal. If one of the above conditions is not satisfied, fluctuations are classified
as moderate to strong [68].

4.4. Link Budget Analysis
A detailed link budget analysis is required for FSO communication systems. The system
designer considers the laser’s transmitted power and then determines all the potential losses and
gains until the beam arrives at the receiver’s detector. The emitted power minus all the loss
factors, should stay above the receiver’s sensitivity to guarantee reliable operation of the system
[29].
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4.4.1. Link Margin
In communication systems, the excess power between the received power (�� ) and the
receiver’s sensitivity (�� ) is called Link Margin ( ). It expresses the amount of attenuation
that a FSO system can tolerate over a given range [67]. The link margin factor is critically
important for FSO links because the received signal power can vary significantly over time.
= ��

− ��

(26)

Leaving a larger link margin than the required power level increases the systems reliability. By
the way assigning the signal power to the link margin is equivalent to reducing the possible
range with that transmission power. This shows a trade-off between reliability and link distance
that system designer should take in to account.
4.4.2. FSO-link Equation and Data Rate
Link equation combines attenuation and geometrical aspects to calculate the received optical
power. By considering the expected gains and losses within a terrestrial FSO channel,
Majumdar in [14] introduces the following equation for attaining the average received optical
power:
�� = ��

where:

�

�

�

�

�

(27)

�� is the laser transmission power
�

�

is the transmitter telescope gain
is the transmitter optics efficiency

� is the atmosphere’s transmittance
is the value of free space loss

η�

�

is the optics efficiency of the receiver
is the receiver telescope gain

for a Gaussian beam, [14] calculates some of the above terms from the following equations
�

where

�

=

(28)
�

is the full transmission divergence angle

where L is the link range

=(

�

)
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(29)

�

where

�

�
=(

�

is the receiver aperture diameter

)

(30)

Atmospheric transmittance (� ) refers to the fraction of transmitted light that reaches to the
receiver at a specific wavelength. In some literature transmittance is notated with
.
�

�=

(31)

�

According to Beer’s law there is logarithmic dependence between the transmission of light
through the atmosphere and the product of attenuation coefficient of the atmosphere
in m−
and the transmission range
in m.

�=

�

−

=

�

(32)

substituting each parameter into the link equation:
�� = �� ×

�

×

�

×

−

×( ) ×
�

)

−

�

×(

�

)

by assuming � = � = and after simplifying the above equation, finally the received power
can be expressed as a function of transmitted power, optical efficiency of the telescopes, the
receiver aperture area, beam divergence angle, link range and attenuation coefficient.
�� = �� (

�

(33)

Majumdar in [14, p. 62] uses the following equation to obtain the available data rate of an FSO
link
=

�� ×
� �/

×�×

where
is transmit and receive optical efficiency and is the receiver telescope area,
the energy of each photon, is the receiver sensitivity in number of photons per bit.
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(34)
is

Chapter 5 Routing Protocols for FSO Ad Hoc Networks
This chapters discusses the feasible routing protocols for FSO ad hoc networks. The feasible
routing protocols for FSO can be classified as proactive, reactive or hybrid [69].

5.1. Proactive Routing Protocols
The proactive routing protocols maintain consistent, update routing information of the entire
network. For each node, regardless of the traffic demand, the possible paths to all destinations
are computed and stored in the routing tables. The tables need to be updated periodically to
react to possible topology changes. The advantage of this method is that up-to-date routing
information is immediately available whenever it is required [69]. However, periodical
broadcast of control packets, especially in large networks, impose a high overhead to network
and wastes its bandwidth.
5.1.1. Destination Sequenced Distance-Vector Routing (DSDV) Protocol
DSDV is one of the early-developed routing protocols for mobile networks. DSDV is a
distance-vector routing protocol based on the Bellman-Ford algorithm. “It is a distributed, selforganized, and loop-free routing protocol suitable for dynamic networks” [70]. Every node
maintains a routing table that contains routing entries for all the possible destinations in the
network. Every entry in the routing table contains the destination node’s address, next-hop
node’s address, the number of hops to reach the destination, and a sequence number originated
by the destination node [70]. Sequence numbers are used to differentiate fresh and stale entries
and to avoid loops [71]. Each node can forward packets to its first-hop neighbors along the route
toward the destination. Every node periodically advertises its routing information to its
neighbors. So neighbor nodes learn which other nodes are reachable through that. Finally by
this mean, every node will have a full routing information of the whole nodes in the network.
The periodic transmission of the routing tables helps maintaining the topology information upto-date. However, this advertisement can also be event-driven, so whenever routing information
changes, the update messages be transmitted immediately. Each route update packet has a
sequence number assigned by the destination. Nodes that receive the routing information will
update their routing tables by the fresher packets. Table 5-1 shows a possible routing table of
node 5 for an ad hoc network topology depicted in Figure 5-1.
Table 5-1, routing table of Node 5

Destination Next hop Hop count Sequence number
N1
N4
2
S1_105
N2
N4
2
S2_092
N3
N3
1
S3_101
N4
N4
1
S4_118
N5
N5
0
S5_093
N6
N6
1
S6_128
N7
N6
2
S7_089
N8
N6
3
S8_111
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Figure 5-1, ad hoc network topology

5.1.2. Optimized Link State Routing (OLSR) Protocol
OLSR is a comparatively newer proactive routing protocol [72]. OLSR is a pure link state
routing protocol, optimized for mobile ad hoc networks [71]. The optimization is achieved by
minimizing the size and the number of routing update packets broadcasted in the network [73].
To reduce the size of routing update packets, only a subset of all one-hop neighboring nodes of
each node are included. The selected subset of direct neighbors of a node is called the Multipoint
Relays (MPRs) of that node. The set of MPRs of a node are the minimum number of one-hop
neighbors of that node which can link it to all of its two-hop neighbors [72]. Every node
periodically broadcast HELLO messages to its one-hop neighbors. The HELLO message
contains the list of all one-hop destinations that are reachable from that node. Each node derives
its MPR set by exchanging HELLO messages with all its neighbors.
To minimize the number of topology control messages, the OLSR limits the number of nodes
in charge of retransmitting update packets. Only MPR nodes can participate in broadcasting
topology control update packets.
Commonly, OLSR uses classical Dijkstra’s shortest path algorithm to determine optimal routes
in terms of numbers of hops to a specific destination. OLSR work best for dense networks,
when every node has many neighbors.
5.1.3. Wireless Routing Protocol (WRP)
WRP is a proactive distance vector protocol that belongs to the general class of path finding
algorithms [74]. WRP uses an improved version of Bellman-Ford algorithm to calculate paths
[75]. The goal of this protocol is to maintain routing information among all nodes in the network.
Using WRP, each node in the network maintains four tables including a distance table, a routing
table, a link-cost table and a message retransmission list (MRL) [76].


Distance Table

The distance table contains the network view of the neighbors of a node [73]. For each source
node , the distance table contains the distance of each destination
via each neighbor
of
that node. It also includes the downstream neighbor of
through which the path is realized
[77].


Routing Table

The routing table includes up-to-date view of the networks for all known destinations [73]. The
routing table of , contains the shortest distance to each possible destination node , the
predecessor and the successor of node Ns along the path [74]. It also contains a flag that
indicates the status of the path, whether the path is simple, loop or invalid.

41



Link-cost Table

The link-cost table of a node contains cost of relaying information from each neighbor of that
node and the number of update periods since an error-free message was received from that
neighbor [78].


Message Retransmission List

The MRL maintain records to let a node know which of its neighbors has not acknowledged its
update message [79]. If needed, the updated message will be retransmitted to those neighbors.
In WRP, mobile nodes exchange routing tables with their neighbors by using update messages.
Update messages can be sent periodically or alternatively on link cost changes [75]. When a
node receives an update message from one of its neighbors, it updates its distance table and
check for better possible paths using the received update.

5.2. Reactive Routing Protocols
The reactive routing protocols determine routing paths on an “on-demand” basis [80]. When a
node wants to send data to another node in the network, the protocol performs a route discovery
operation between the source and the desired destination. Once a route is established, some
management procedure maintains the route. A new route discovery is only performed when the
existing route breaks. The advantage of reactive method is that it generates a much lower routing
overhead compared to the proactive approach. However, it has the disadvantage of higher
latency in data delivery [81].
5.2.1. Dynamic Source Routing (DSR)
DSR is a reactive routing protocol that forms a route on-demand. All the mobile hosts in the
network, which participate in the routing, maintain a route cache to store the information about
the source routes they have learnt [77]. When a source node wishes to send a message to a
destination node, it firstly checks its route cache for a source route to the destination. If the route
existed, the source sends the message through that route to the destination. Otherwise, the
source will start the route discovery process to find the route to the destination. DSR has two
phases including route discovery and route maintenance.

 Route discovery
Route discovery include both route request message and route reply messages [71]. The source
node broadcasts a route request (RREQ) packet to its neighbors. Then every node in the vicinity
of the source node, append its own node-ID to that route request packet and rebroadcasts it.
This procedure continues until the time, the request packet reaches either to the destination node
or to a node that has a recent route to the destination. The route request packet, which reaches
to the destination, includes a complete route (sequence of the nodes that have been traversed)
from the source to the destination. At this time, the destination sends a route reply (RREP)
packet to the source through the reverse sequence of the discovered route. The route reply
message contains the route information to the destination. DSR assumes that the first route reply
packet that reaches to the destination has the shortest path. The source adds the route in its route
cache and starts sending data packets to the destination [82].
 Route maintenance
The route maintenance phase uses two types of control packets including passive
acknowledgments and route errors, to ensure the validity of the stored routes. Along a route,
when a node sends a packet to the next hop, it still can overhear the transmission of that
particular packet from that hop to the next hop after that. To realize this procedure better,
42

consider transmission of a packet in the following route between source node S and destination
node D.
S→B→C→E→D

In this example, node B acknowledges receipt of the packet at node C, by overhearing C when
it’s forwarding the packet to node E. The acknowledgment control packets are normally
returned to the source node. When an intermediate node fails to receive the acknowledgment,
it sends a route error packet to the source node. The source node deletes the route with broken
link from its cache. Then, if it does not find another path to the destination in its cache, it initiates
the route discovery process again.
5.2.2. Ad Hoc On-demand Distance Vector Routing (AODV)
AODV is a routing protocol exclusively designed for ad hoc mobile networks. The aim of
AODV is to reduce the number of broadcast routing updates. The AODV is based on DSDV
routing protocol and uses “destination sequence numbers" to ensure loop freeness. The
destination sequence number is generated by the destination node to be included along with any
route information it sends to the requesting nodes. This number allows the source to identify
the most recent and fresh route [83].
As a reactive routing protocol, AODV discovers the routes only on-demand and maintains them
as long as they are required. The difference between AODV and DSR is that, AODV stores the
discovered routes locally at the nodes rather than included in the packets [71]. When a source
node wants to send a packet to a destination, firstly it checks its routing table for existing routes.
If it finds a route to the destination then it transmit the packet through that route, otherwise the
source will initiate a route discovery process. The route maintenance process will monitor the
discovered route as long as it is required.


Route Discovery

When a source node needs a route to a destination node, it sends a route request (RREQ) packet
to all its immediate neighbors. This RREQ packet contains the ID of the source node, the ID of
the destination node and the last known sequence number value associated with the destination
[83]. Those neighbors will record ID of the previous node, which they received the packet from,
in the RREQ packet and then forward it to their neighbors. This process continues until the time
either the destination itself or an intermediate node with a ‘fresh’ route to the destination is
reached. Subsequently the destination node sends a route reply (RREP) packet to the source
node using the backward hops of the discovered route. The source node adds the new route in
its routing table. The source may receive several RREP packets from a specific RREQ packet
to a destination node. In that case the source will pick the route with the least number of hops.


Route Maintenance

Route maintenance is based on the periodic transmission of HELLO messages. Neighbor nodes
along a route check each other by exchanging HELLO messages [84]. When a node cannot
receive this control messages from its neighbor, it assumes the link to that node is broken. So it
broadcasts a route error message to its active upstream neighbors to invalid all the routes using
the broken link. Those nodes, further, forward the route error packet to their upstream nodes.
Eventually, the message will arrive to the source nodes. The source eliminates the route from it
routing table and initiates a route discovery process.
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5.3. Hybrid Routing Protocols
Hybrid routing protocols combine the features of both reactive and proactive approaches to
provide more efficient solutions [40]. A hybrid routing protocol can, for example, benefit from
dividing the network into clusters and applying proactive route updates within each cluster and
reactive routing across different clusters.
5.3.1. Zone Routing Protocol
Zone Routing Protocol (ZRP) is a hybrid protocol that divides the network nodes into zones or
clusters of nodes. ZRP itself is composed of three sub-protocols. Intra-Zone Routing Protocol
(IARP) is a link-state protocol used within the zones that proactively maintains up-to-date
information about all nodes within a zone [85]. In contrast, the reactive Inter-Zone Routing
Protocol (IERP) makes route discovery outside of a specific zone up on demand. IERP uses
broadcast resolution protocol (BRP) to deliver route request messages across routing zones.
BRP is a broadcast protocol that sends packets only to specific nodes (peripheral nodes) instead
of flooding it [75].
All the nodes with a zone maintain updated routing tables containing routes to all other nodes
within that zone. The nodes of a zone are divided to internal nodes and peripheral nodes.
Peripheral nodes are the nodes that are located at the borders of a routing zone. When a source
node wants to send a packet to a destination node, if it finds the destination node within its own
zone, it can directly send the packet to it. However, if it cannot locate the destination within its
zone, it assumes that the destination node is located in another zone. Then the source node sends
a route request packet to all its peripheral nodes. The peripheral nodes check whether the
destination is within their zones. If the destination node was not found, then they rebroadcast
the route request message to their own peripheral nodes. This process continues until the time
either the destination node is found or the entire network is searched [75]. Once a peripheral
node finds the destination in its zone, it sends back a route reply packet to the source.
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Chapter 6 The Shortest Path Algorithm
This chapter introduces the shortest path algorithm for the sketched ad hoc routing mechanism
using FSO technology. The shortest path algorithm is the critical part of routing protocol that
was introduced in Chapter 5. Therein, the well-known shortest path algorithms: Dijkstra
Algorithm is usually considered as the backbone for implementing routing protocols. Hence
this algorithm is explained in Section 6.2 and adopted in the solution sketch for answering the
research questions. In addition, the K-th shortest path algorithm and the method for obtaining
the paths with K-th highest possible reliability are described in Section 6.3 and 6.4, for the sake
of characteristic comparison with the outcomes by Dijkstra Algorithm. The shortest path
algorithms will be regarded as the theoretical fundamental for the next chapters.

6.1. Prerequisite concepts
Before proceeding to the proposed shortest path algorithm sections, some definitions are
defined in relation with the topology plot below:

Figure 6-1, an ad hoc graph for explaining some definitions used in this thesis

Figure 6-1 is supposed to be a Graph G (V, E) that consists of a finite set V and a set E. V is the
node set, which contains 50 FSO nodes. The 50 FSO nodes of ∈ [ , ], are called Vertices.
E is the edge set, which contains the possible connection between two consecutive nodes. An
element = { , } of E, where ∈ , ∈ and ≠ , is called a Link between the end
vertices and . A real number can be assigned to the value of e, called the Weight of the Link
which is expressed by
or
, . The weight can be leveraged to express the distance,
the reliability or the cost of the link. Theoretically, if FSO node 1 wants to send message to
node 15, there could be a direct link {1, 15}, but it cannot be established due to some constraints
like communication distance is too far. Then the message sent out by source node has to be
received and forwarded by some intermediate-node-formed consecutive links, the combination
of those links are defined to be a Path, with its source node and end node distinct with each
other. In this case, the path from the source node 1 to the destination node 15 is →
→
→
→ →
→ → , totally 8 vertices and 7 links contained in this path. The number of
hops is defined to be how many links the message passed until the destination node, which is 7
in this case. The shortest path means that the weight summation of the links of the path is
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minimum than that of other paths from the same source node to the same destination node in a
graph.

6.2. Implementation of the Dijkstra Algorithm
The objective of the shortest path algorithm is additive, which aims at finding out the path
between given s-d pair or source to any other nodes in a graph, with minimum link weight (e.g.,
distance, time or cost) by addition operation. The shortest path algorithm normally initializes
from one selected single source node ∈ , traversing and calculating the shortest weight to
other intermediate nodes from near till far, until the destination node ∈ \{ }. In order to
obtain the shortest path, Dijkstra provided an algorithm which iteratively calculate the weight
from source vertex in the order from near till far, which solved the single source shortest path
problem for a graph with non-negative weight of links. The implementation of the Dijkstra
Algorithm can be seen in the pseudo code below:
Algorithm 1: The shortest path algorithm of DIJKSTRA
FUNCTION [ , path] = Dijkstra (w, s, d)
% the input variables w: the adjacency matrix that stores the link weights of the graph (in this thesis,
the adjacency matrix with notation γ that stores link reliability, which will be intensively explained in
chapter 8), s and d are the source vertex and destination vertex.

% the output vector : the final shortest weight from s to all other vertices (during the algorithm it is
the temporal l); path: the set containing the final vertex elements which contributes the shortest path.
STEP 1: Initialization

= ;  ;  ; % is the set ontaining erti es hi h ha en’t een traversed. V is the
entire vertices set.
2. for ∈ \{ }
3.
do
 ∞; % Initialize the shortest weight from source vertex to all other vertex to be
infinite.
4. end

1.

STEP 2: Recursively calculate the shortest weight from s via intermediate vertices
5. while ≠ Ø
6.
do find the node ∈ such that
is minimal;
7.
 ;  \{ }; % If u was found, pick it up from set T into set V.
8.
for ∈
9.
do

,
+
,
; % Try to find the shortest weight between source to
.
10. end
11. end
12. Given the destination vertex d, put the vertex elements which contributes the shortest path from
d to s into the set Path;




Algorithm 1: The shortest path algorithm of Dijkstra [86]
As can be seen in Algorithm 1, initially the source vertex s and vertices set S and T has to
be set, where S saves the vertices whose shortest path to s has been founded, T saves the
vertices which haven’t been traversed yet. In the beginning, S has only one element, which
is the source vertex s.
At the same time three vectors are set for calculating the shortest weight from s to any other
vertex in the graph.
means the current shortest weight from source vertex s to node .
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indicates which vertex has been added into the set S, initially,
= means the
source vertex has been traversed and added into S, other element of S is 0 means they are
waiting to be traversed. Path is the key vector of the algorithm, containing the final vertex
elements which contributes the shortest path from the selected d to source s. � ℎ
represents the previous vertex of node .
Try to visit all of the neighbors of the current vertex, if a neighbor vertex u is found from
T whose weight between s is minimum. Then mark the current vertex as visited, remove it
from the unvisited set T and modify the value of and path in terms with any other node
in T: when
≠ , if and only if
+
,
<
, then
is updated to
+
, and
ℎ
is vertex u. Repeat the step until T is empty.



6.3. The K-th shortest path algorithm

The K-th shortest path algorithm is a derived algorithm of the shortest path algorithm, aiming
at finding out possible K other paths in the order of increased sum of weight between the same
s-d pair [87]. In this thesis, the shortest path, a second possible shortest path and an independent
path with no common links shared with the former two paths, were introduced for the sake of
comparison among the different path reliabilities and transmission delays, so as to find out the
answer to the research question: Can the traffic propagating through the path with highest
reliability also reach minimum transmission delays?
Based on the Dijkstra Algorithm, a second possible shortest path was implemented by deleting
(assign the weight to be infinite) arbitrary one link of the prior shortest path, then re-compute
the shortest path based on the updated topology. In the test section, the second possible shortest
path was implemented by deleting the link between the appointed destination node and its prior
node. The obtained shortest path will be regarded as a second possible shortest path [87], whose
total path weight is less than that of the shortest path. Similarly, the independent path was
implemented by deleting the entire links of both the prior shortest path as well as the second
possible shortest path, then obtained by re-computing based on the updated topology. The
pseudo code implementation of a second possible shortest path and the independent path can be
seen in Algorithm2 and algorithm 3.
Algorithm 2: A second possible shortest path algorithm
FUNCTION [path2] = second_path (w, s, d, path)
% The input variable w: the adjacency matrix that stores the link weight of the graph, s and d are the
source vertex and end vertex, path contains the vertices of the prior shortest path.
% The output vector path2: the vector contains the vertices of the second shortest path.
=

1.

2. for
3.
4.

=

do

:

=

6. [
.

–

; % Assign

ℎ
its prior node.

5. end

ℎ ] =

ℎ;
,

ℎ

to a temporal matrix .
+
, ,

ℎ ; %Obtain the vector.

=

; % Delete the link between the destination node and

; % Re-compute Dijkstra algorithm with updated topology.

Algorithm 2: A second possible shortest path algorithm
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Algorithm 3: The independent path algorithm
FUNCTION [path3] = independent_path (w, s, d, path, path2)
% The input variable w: the adjacency matrix that stores the link weight of the graph, s and d are the
source vertex and end vertex; path, path2 contain the vertices of the shortest path and a second
possible shortest path.
% The output vector path3: the vector contains the vertices of the independent path.
1.
2.
3.

=

ℎ;

=

=

4. for
5.

=

do

; % Assign
:

–

ℎ

6. end
7. for
8.

=

do

–

9. end
10. [
11.

ℎ ;

ℎ ] =

ℎ

to a temporal matrix .

,

ℎ
,

+

ℎ

=
+

, ,

ℎ ; % Obtain the vector.

; % Delete all links from the shortest path.
=

; % Delete all links from the 2nd shortest path.

; % Re-compute Dijkstra Algorithm with updated topology.

Algorithm 3: The independent path algorithm

6.4. Obtain the paths with K-th highest possible reliability
In FSO ad hoc mesh network, the stochastic turbulence of atmosphere is the main factor
resulting in the FSO signal fading (see Section 4.2). In order to reduce such FSO signal fading
to a minimum possible level, the main object is to route the FSO signal through a path with
highest possible reliability from given s-d pair. This is still the shortest path problem, the highest
possible path reliability can be derived based on the Dijkstra algorithm. The K-th highest
possible path reliability and the independent path reliability can also be derived based on
Algorithm 2 and Algorithm 3 in Section 6.3.
In this thesis, link reliability matrix was adopted to model every link in the FSO ad hoc mesh
network, which is denoted by , where and j are vertex indexes of the network and ≠ .
The link reliability is defined to be the probability that the intensity of received signal I exceeds
a threshold ℎ [88], which ranges from 0 as the lowest reliability to 1 as the highest reliability.
Detailed FSO link modelling is explained in Chapter 8. The objective of obtaining the paths
with K-th highest possible reliability is multiplicative, which is defined to be the multiplication
of their associated links reliability. It is denoted by ∏ . For example in figure 6-1, if the line
is the path which has the highest reliability, the path reliability is:
,
=
,
×
,
×
,
×
, ×
,
×
, ×
,
.

In order to obtain the highest possible path reliability, a logarithmic transform is adopted to
transform the original link reliability matrix into a new matrix of temporal domain, based on
Equation (35):
�

={

− ln

<
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<
=

(35)

�

is the transformed matrix of temporal domain. According to the logarithmic operation
principle, as analyzed from Equation derivation (36), the problem of obtaining the highest
possible path reliability will be equivalently transformed into obtaining the path with shortest
weight in the temporal domain. The multiplicative objective of obtaining the highest path
reliability will be also transformed to be additive, which is fit for executing the original shortest
path algorithm.
∏

<=>

∏

<=>

∑

=

∑−

=

∑

�

(36)

In the transformed problem of obtaining the path with shortest weight in the temporal domain,
�
as the transformed adjacency matrix from original link reliability matrix, will be regarded
as the input and substituted into the Dijkstra Algorithm for addition operation. The output vector
path in algorithm 1 will be obtained after executing the algorithm. Due to the equivalence of
derivation (36), those links in vector path contributing the path with shortest weight in the
temporal domain, are also the links contributing the path with highest possible reliability.
Similarly, by leveraging Algorithm 2 and Algorithm 3, a path with a second possible highest
reliability and an independent path with no common links shared with the former two paths will
be computed and obtained.
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Chapter 7 Problem Statement and Solution Sketch
This chapter states the encountered problems as well as the following solution sketch when
proposing a routing mechanism in terrestrial FSO ad hoc mesh network.

7.1. Problem statement
Routing is a critical mechanism for packets sending, receiving and forwarding in FSO
communication. In optical fiber communication, transmission range is not a determinant issue
because atmosphere turbulence cannot affect the light beam transmitted in the fiber. Thus the
one-hop-connection can be established, as long as there is a direct interface between the source
node and the destination node. However, in wireless FSO communication, atmosphere
turbulence and other obstructive factors are unavoidable and highly transmission range
dependent, which make the transmission links not reliable, attenuate the transmission signal and
degrade the communication quality. In order to keep the wireless FSO mesh operate fine and
efficiently, it is necessary to route the light beam via multi-hops with higher possible path
reliability for the given s-d pair.
The problems are encountered by raising up such following research questions:






How to find a communication path from given s-d pair with highest possible reliability
under stochastic atmospheric turbulence?
How to route traffic from given s-d pair with satisfying certain Quality of Services (In this
thesis, QoS is reflected by path reliability, short and long range dependent transmission
delay.)?
Can the traffic that propagating along the path with highest reliability also reach lowest
transmission delays?

Some preconditions and assumptions are proposed before devoting into the solution sketch:














As the heads of different clusters, the vertices forming the FSO mesh network are regarded
as FSO nodes with an optical transceiver (photo-detectors plus a laser transmitter) equipped,
which not only provide the mobile users with network access via RF channel, but also relay
the aggregated data traffic within the mesh network through wireless optical channels.
The FSO nodes are assumed to be fixed once setup.
The FSO equipped nodes communicate with each other in a point-to-point and duplex
manner, with narrow beam divergence.
The source node and destination node are distinct with each other, thus no loop, no circle
path will be considered in this thesis. The traffic demand from source node is equal to the
traffic flow propagated on each link, since only single path is considered from given s-d
pair in this thesis.
Each FSO transmitter can only communicate to one receiver, and one receiver can only
receive from one transmitter before this link is invalid.
The communication cannot be established before the FSO transmitter and receiver well
aligned with each other, thus no pointing loss, optical loss will be considered in the solution
sketch.
The FSO link model is only constructed by stochastic atmospheric turbulence, thus no
negative weighted link will be considered in the solution sketch.
In the subsequent tests, the path with highest possible reliability will be called path1, the
path with a second possible highest reliability will be called path2 and an independent path
with no common links shared with the former two paths will be called path3.
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7.2. Solution Sketch
Targeting on answering the research questions raised up at Section 7.1, a Matlab simulation
environment was established as the solution sketch for researching and deeply understanding
the routing mechanism in terrestrial FSO ad hoc mesh network.
The flow chart of the solution sketch was proposed in Figure 7-1. In this solution sketch, the
three paths (path1, path2 and path3) between the same given s-d pair are devoted to be found
for the sake of evaluation and comparison among their QoS (path reliability, Short and Long
Range Dependent Transmission Delay) when traffic propagating along them. However, due to
the stochastic atmospheric turbulence or other defects (e.g., the terminal node was randomly
setup at an isolated place) affecting on each link, there exists some probability that not all or
even no paths will be found every test. The following paragraphs are left for elaborating how
to model the routing mechanisms in a sketched FSO ad hoc mesh network based on the flow
chart.

Figure 7-1, the flow chart of the solution sketch.

7.2.1. FSO nodes deployment and generation of topology information
Before launching the simulation, the first step is to assign some initial parameters, such as how
many FSO nodes will be deployed in how large square area places, and what is the transmission
radius of each FSO node. As shown in Figure 7-2, 25 FSO ad hoc nodes was randomly deployed
in a
×
square terrestrial area, which is below .
and located in the average
altitude of
[89]. Those FSO nodes are assumed to be fixed once setup. The average
transmission radius of each FSO node was set up to
like most FSO transmitters are
able to perform [30].

51

Figure 7-2, FSO nodes deployment as an ad hoc mesh network

Then based on the FSO nodes deployment, the topology information of this formed mesh
network is generated. In this solution sketch, the Euclid Distance and the link reliability of each
nodes pair are generated. The Euclid distance can be calculated based on Equation (37):
= √(

−

) +( − )

(37)

≠

is the Euclid Distance between one nodes pair,
,
and
,
are the coordinates of
this two nodes in the given area. A nodes pair cannot be established if the Euclid Distance is
farther than the transmission radius that is
. The topology information of Euclid
Distance will be one of a preparation for generating the link reliability matrix.
In such sketched network, the FSO channel between each node is duplex and symmetric. In
order to establish the topology information of this FSO network complying the atmospheric
turbulence model, each FSO link = { , } ∈ is characterized with the link reliability
=
with ≠ , which is defined to be the probability that the intensity of received signal I
exceeds a threshold Ith, in terms with Equation (38) [88]:
Pr{ ≥
={

ℎ}

=

−

<

ℎ⁄

≠
√ ��
ℎ and otherwise

<

(38)

is the received average intensity without turbulence, erf is the error function expressed by
and �� is the standard deviation whose variance form is described in Equation (39):
�� = .

�⁄ℇ

⁄

�

⁄

(39)

ℇ is the wavelength, Z is the Euclid Distance between FSO nodes,
is the index of
refraction structure parameter with constant altitude near ground. The index of refraction
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structure parameter is the key factor that affecting the received optical intensity of fixed FSO
−
− /
links.
with atmospheric channels near the ground ranges from
to
−
− /
− /
from strong to weak atmospheric turbulences, with typical value −
under log-normal fading [89] [90].
Due to the atmospheric turbulence and other factors causing the loss of FSO line-of-sight
transmission, the link is defined to be available if
> ℎ where ℎ is the threshold of the
acceptable link reliability [88]. The available links with their current qualified reliabilities will
be put into a reliability matrix and used for constructing the FSO mesh topology information.
7.2.2. Routing paths finding and evaluation of their transmission delay
Once the link reliability matrix of the topology was obtained, a logarithmic transform is adopted
�
to transform the original link reliability matrix into a new matrix
of temporal domain,
based on the description of Section 6.4. After assignment of the s-d pair and its traffic demand
in this FSO network, the new matrix will be used for computing and obtaining the paths with
highest, a second highest possible and another distinct path reliability, namely path1, path2 and
path3 assumed in Section 7.1. However, due to the stochastic atmospheric turbulence or other
defects (e.g., the terminal node was randomly setup at an isolated place) affecting on each link,
not all or even no paths will be found every test. Because the precondition for finding out path2
or path3 is to find out path1 or its prior path vector, since path2 or path3 is found by deleting
one or all relevant links of its prior path vector, then re-computing the updated topology. If the
deleted links are those only links connecting the s-d pair (e.g., other links are suffering strong
atmospheric turbulence, whose reliability are not qualified to be selected), there is no way to
find out other paths. Then the simulation will terminate with a message showing the relevant
path cannot be found.
Once one or all paths of the three paths are found out, the pre-assigned traffic demand between
the same given s-d pair will be transmitted along the found paths from source node to destination
node. Thus the network-wide average transmission delay is adopted to evaluate the Quality of
Services of the selected paths, so as to find the solutions to the research questions raised up in
Section 7.1.
There are two kinds of network-wide average transmission delay proposed for simulation in the
sketched FSO ad hoc mesh network. The first one is short-range-dependent delay T1 that short
for SRD (e.g. VoIP traffic). It is characterized as link queueing delay with an exponential
distribution applying Little’s Equation (40) [89]:
≅

⁄

×∑

, ∈� [

⁄(

−

)]

(40)

is the sum of total traffic demands from source FSO node,
is the average traffic load or
traffic flow on link = { , }. The traffic demand from source node is equal to the traffic flow
propagated on each link, since only single path is considered from given s-d pair in this thesis.
Due to the effect of the atmospheric turbulence, the nominal capacity for all FSO links is
denoted by
, the effective capacity
in Equation (40) of an FSO link is expressed as
=
×
considering the transmission impairments [89]. The effective capacity of each link
may be different, whose range is between
and
, depending on its local
ℎ×
atmosphere turbulence.

The second network-wide average delay is called long-range dependent delay T2 that is short
for LRD (e.g. data traffic). Each link of the FSO mesh network is modelled as a fractional
Brownian motion queuing system, where the queue length has a heavy-trailed Weibull
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distribution [89, 91]. They adopted Hurst parameter as a measure of long-term memory of time
series, and dispersion index as a normalized measure of a probability distribution dispersion in
equation for computing T2, which was characterized as in Equation (41):
=�∗∑

, ∈�

[

⁄(

−

)

]

−

(41)

[ к
] − � as atmospheric transmittance in Section
Where τ = ⁄ × Г +
−
−
4.4.2 and к
=
,
∈ [ . , is the Hurst parameter, a is the index of
−
dispersion. These parameters are set in Chapter 8.
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Chapter 8 Simulation Results Analysis and Discussion
This chapter analyzes the results from Matlab simulation for the routing mechanism raised up
in Chapter 7. The simulation was devoted for routing in node-dense area as well as in nodesparse area based on the nodes deployment and topology information generated in Section 7.2.
Pursing this further, a discussion is proposed to talk about some influencing factors to the
simulation results.

8.1. Simulation scenarios
The routing mechanism are simulated based on the FSO nodes deployment in Figure 7-2. There
are two kinds of routing scenarios proposed before Matlab simulation:




Routing in node-dense area, where FSO nodes are deployed relatively tighter with each
other. It means more than 3 FSO nodes can be detected within a
transmission radius.
The connectivity of nodes in node-dense area is richer than in node-sparse area. In this
scenario, the s-d pair was appointed to be node number 2 to node number 22.
Routing in node-sparse area, which means maximum 3 FSO nodes can be detected within
the
transmission radius of one of the terminal nodes. The connectivity of nodes in
node-sparse area is poorer than in node-dense area. In this scenario, the s-d pair was
appointed to be node number 2 to node number 7.

Both scenarios were tested 10 times each, reflecting the routing mechanism under 10 times
stochastic atmospheric turbulences. Their test results and analysis are elaborated in Section 8.2
and Section 8.3. The routing graphs and associated variation curves of transmission delay under
traffic flow can be seen in Appendix A and Appendix B respectively.
The reason why testing routing mechanism in such two kinds of scenarios is: the routing
mechanism and their associated transmission delay under dynamic traffic flow are estimated to
be different in node-dense and node-sparse area, due to the different topology information like
average Euclid distance. In node-dense area, the average Euclid distance is closer than that of
node-sparse area. As explained in Section 7.2.1 and 7.2.2, different Euclid distance will result
in different link reliability matrix based on Equation (38) and (39). Pursing this further, the
effective capacity of each link will also be affected based on Equation (40) and (41), which
result in different transmission delay. In order to answer the research questions in Section 8.1
from more comprehensive scope of views, such two kinds of scenarios are launched for testing.
For parameters setting, the link reliability matrix was generated under stochastic atmospheric
turbulence according to Equation (38) and (39). The link reliability threshold ℎ was set to be
0.9, the wavelength of the light beam ℇ was set to be 1550 nm and the intensity ratio ℎ ⁄ was
set to be 0.8. The index of refraction structure parameter
was randomly generated between
−
−
− /
− /
the ranges [
, . ×
]
with the typical weather condition
= −
.
The average altitude was assumed to be 10 m high. The nominal capacity
of each link was
set to be 10 Gbps. The traffic demand was set to be
each test for both test scenarios.

8.2. Simulation in node-dense area
In node-dense area of the node deployment in Figure 7-2, the simulation was tested 10 times by
appointing the source node 2 to the destination node 22 with a constant traffic demand
.
The raw simulation results was firstly extracted into Table 8-1, which presents the features of
each path: the path with highest possible reliability is called path1, the path with a second
highest possible reliability is called path2 and an independent path with no common links shared
with the former two paths is called path3. In this thesis, the features of the paths are respectively
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reliability, number of hops that is defined to be the number links that went through between
given s-d pair, the short and long range dependent transmission delay SRD
and LRD . In
Table 8-1, the features belong to each path was labelled with the index of that path (e.g.,
Reliability1, Hops1, SRD1 and LRD1 are the features of path1). Targeting on answering the
three research questions raised up in Section 7.1, some comparison figures among different
features of different paths were extracted base on the raw simulation result.
Table 8-1, raw data collected after simulation from node 2 to node 22 in node-dense area
Test
count
1
2
3
4
5
6
7
8
9
10

Traffic
Demand (Gbps)
7
7
7
7
7
7
7
7
7
7

Reliability1
0.999804152
0.999999089
0.999999951
0.999987756
0.999850813
0.999477551
0.999999673
0.999964803
0.999563362
0.999066598

path1
Hops1 SRD1 T1
(s)
7
2.33355
3
1
6
2
5
1.66668
5
1.66683
8
2.66725
7
2.33333
7
2.33337
7
2.33382
6
2.00104

LRD1 T2
(s)
17.9917
7.70907
15.4181
12.8487
12.8514
20.5679
17.9878
17.9885
17.9965
15.4368

path2
Reliability2 Hops2 SRD2 T1
(s)
0.994505827
5
1.67289
0.999681589
6
2.00035
0.999999417
7
2.33333
0.999987401
6
2.00001
0.999539664
7
2.33385
0.999477551
7
2.33391
0.999903821
8
2.66677
0.999773189
6
2.00025
0.997403234
5
1.66958
0.999023439
7
2.33442

LRD2 T2
(s)
12.9617
15.4245
17.9878
15.4184
17.997
17.9983
20.5594
15.4226
12.9011
18.0074

path3
Reliability3 Hops3 SRD3 T1
(s)
0.992034595
5 1.67575
0.996994435
7 2.33669
0.999628093
6 2.00041
0.99671462
8 2.67034
0.995748947
5 1.67146
0.995465301
4 1.33842
0.998421593
6 2.00176
0.998231323
5 1.66864
0.993524536
5 1.67398
0.998708779
7 2.33477

LRD3 T2
(s)
13.0145
18.0484
15.4256
20.6238
12.9354
10.3706
15.4499
12.8841
12.9813
18.0137

Path Reliability Comparison among Path1, Path2 and Path3 in Densed Area
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0.996
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Figure 8-1, path reliability comparison among path1, path2 and path3 in node-dense area

In order to correspond to the first research question “how to find a communication path from
given s-d pair with highest possible reliability under stochastic atmospheric turbulence,” the
path reliability comparison was extracted from raw simulation result into Figure 8-1. The paths
with highest possible reliability, a second possible highest reliability and another reliability
whose path has no common links shared with the former two paths, were found out based on
the transform matrix in a temporal domain that explained in Section 6.4, then computed by
Dijkstra Algorithm and the K-th shortest path algorithm. Two valuable information can be
extracted by Figure 8-1:



In node-dense area, it is regular that the path reliability from path1 to path3 is always from
higher to lower in each test. Although the reliability of path1 and path2 in the 3rd and the
4th test looks exactly the same, as addressed in Table 8-1, they are different from the 7th digit
after dot.
Unlike Figure 8-6, the average gap among the three reliability pillar in each test is smaller.
That is because of the richer connectivity for a node in node-dense area, where a node holds
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more choices to select its next transmission link. The reliability of this link is little bit less
but very close to that of the deleted link of the prior path.
Comparison between Hops and SRD T1 in Densed Area
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Figure 8-2, comparison between hops and SRD
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Figure 8-3, comparison between hops and LRD
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The relationship between number of hops and transmission delay
and
in node-dense area
under the 7 Gbps traffic demand was compared in Figure 8-2 and Figure 8-3. Two valuable
information can be concluded from the comparison:




Both transmission delay and are positively proportional to the number of hops, as can
be seen in each test. More hops, more transmission delay. Having concluded that the path
reliability from path1 to path3 is always from higher to lower in each test, transmission
delay has nothing to do with path reliability once number of hops is different.
However, when number of hops are equal, the path that holds higher reliability has lower
transmission delay. The reason behind this phenomena can be analyzed from Equation (40)
and (41). When number of hops are equal, the number of polynomial are equal. The path
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with higher path reliability also holds higher summation of its link reliability. As defined in
Section 7.2.2, higher reliability will result in higher effective capacity of some links, which
is defined as
=
×
. The higher effective capacity will lead to the term
⁄( − ) lower under constant traffic flow, thus the total transmission delay will be
lower.

Although the above simulation was tested just with the constant traffic demand that is
,
the information summarized from Figure 8-1, Figure 8-2 and Figure 8-3 was verified to be true
regardless of traffic demand or traffic flow or data volume (The traffic demand from source
node is equal to the traffic flow propagated on each link, since only single path is considered
from given s-d pair in this thesis.). As one of the simulation results, the variation curves of
transmission delay under traffic flow shows that the path holds the higher or lower transmission
delay was determined and fixed once its number of hops are defined. Their orders never changed
during the traffic flow varying from 0 to the threshold effective link capacity
. A typical
example, where the variation curves of transmission delay
and
under traffic flow of the
7th test in node-dense area can be seen in Figure 8-4 and Figure 8-5. The curve in both cases are
increasing exponentially, both SRD
and LRD
are significantly delayed as the traffic flow
increases from
approaching the effective capacity
that is the upper limit of each
link.

Figure 8-4, the variation curves of SRD

under traffic flow in the 7th test of node-dense area
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Figure 8-5, the variation curves of LRD

under traffic flow in the 7th test of node-dense area

8.3. Simulation in node-sparse area
In node-sparse area of the node deployment in Figure 7-2, the simulation was tested 10 times
by appointing the source node 2 to the destination node 7 with a constant traffic demand
.
The simulation results was extracted into Table 8-2, which presents the reliability, number of
hops, the short and long range dependent transmission delay SRD and LRD as features of
each path. However, as can be seen from Table 8-2, path3 was not found in the 2nd and 5th test
and no path was found in the 10th test. That is because the precondition for finding out path2 or
path3 is to find out path1 or its prior path vector, since path2 or path3 is found by deleting one
or all relevant links of its prior path vector and then re-computing the updated topology. If the
deleted links are those only links connecting the s-d pair (e.g., other links are suffering strong
atmospheric turbulence, whose reliability are not qualified to be selected), there is no way to
find out other paths. Besides, the same comparison among path reliability, hops and
transmission delay was dedicated like the simulation in node-dense area.
Table 8-2, raw data collected after simulation from node 2 to node 7 in node-sparse area
path1
Test
count
1
2
3
4
5
6
7
8
9
10

Traffic
Demand
(Gbps)
7
7
7
7
7
7
7
7
7
7

path2

path3

Reliability1 Hops1

SRD1 T1 LRD1 T2
Reliability2 Hops2
(s)
(s)

SRD2 T1 LRD2 T2
Reliability3
(s)
(s)

0.976755101
0.998422186
0.998687086
0.998879931
0.999985023
0.99207873
0.99890216
0.994531998
0.992669009
N/A

3.027997
3.001762
3.001465
2.001248
3.000017
3.342373
2.334558
2.339522
2.341683
N/A

1.719752
1.473172
0.713883
1.697243
1.00098
2.065819
1.114051
2.058424
1.675077
N/A

9
9
9
6
9
10
7
7
7
N/A

23.65922
23.15897
23.15357
15.4406
23.12746
25.8624
18.00987
18.10048
18.14049
N/A

0.958718271
0.911128944
0.962778001
0.974791013
0.999120797
0.950530346
0.923521619
0.955084678
0.992616899
N/A
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5
4
2
5
3
6
3
6
5
N/A

13.90504
13.52235
6.070116
13.43234
7.726711
16.76119
10.2454
16.59051
13.00226
N/A

0.948930623
N/A
0.932508223
0.918286314
N/A
0.936696104
0.910863366
0.930970378
0.941323835
N/A

Hops3
8
N/A
6
12
N/A
7
10
4
4
N/A

SRD3 T1 LRD3 T2
(s)
(s)
2.735007
N/A
2.09651
4.123279
N/A
2.42245
3.473975
1.432951
1.414381
N/A

21.95789
N/A
17.4962
33.60231
N/A
19.88421
28.96618
12.43889
11.97906
N/A
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Figure 8-6, path reliability comparison among path1, path2 and path3 in node-sparse area

The path reliability comparison in node-sparse was extracted from raw simulation result into
Figure 8-6. The path reliability from path1 to path3 is also always from higher to lower in each
test. However, the average gap among the three reliability pillar in each test is greater than that
in Figure 8-1. That is because of the poorer connectivity for a node in node-dense area, where
a node holds less or even no choices to select its next transmission link. The reliability of this
link is statistically much lower to that of the deleted link of the prior path.
Comparison be te e n Hops and SRD T1 in Sparse Are a
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Figure 8-7, comparison between hops and SRD
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Comparison between Hops and LRD T2 in Sparse Area
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Figure 8-8, comparison between hops and LRD T2 in node-sparse area under traffic demand

The relationship between number of hops and transmission delay T1 and T2 in node-sparse area
was also compared under the
traffic demand in Figure 8-7 and Figure 8-8. In this case,
both transmission delay T1 and T2 are still positively proportional to the number of hops in each
test. The transmission delay has nothing to do with path reliability once number of hops is
different as can be concluded from the 1st and 6th test. However, some other rules concluded
from the simulation in node-dense area are verified to be invalid when dedicated in the variation
curves of transmission delay under the entire domain of traffic flow. As can be seen in the
following figures, the variation curves of transmission delay under traffic flow of the 8th test in
node-sparse area, were cited as a typical example shown in Figure 8-9 and Figure 8-10.

Figure 8-9, the variation curves of SRD T1 under traffic flow in the 8th test of node-sparse area
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Figure 8-10, the variation curves of LRD

under traffic flow in the 8th test of node-sparse area

For the transmission delay curves in node-dense area, which path holds the higher or lower
transmission delay was determined and fixed once its number of hops are defined. Their orders
never changed during the traffic flow varying from 0 to the threshold effective link
capacity
. However, for the curves in node-sparse area like the variation curves of LRD
under traffic flow in the 8th test, the transmission delay of the path with highest path
reliability ranked from the highest to lowest and the order of the transmission delay among three
paths reversed when the traffic flow exceeded around .
, with number of hops
unchanged. The tendency of reversion can also be estimated to happen when deliberating the
variation curves of SRD
in the 8th test. The reversion will happen if the nominal capacity of
links is set to be higher than
.
The reasons behind this rank revision phenomena of transmission delay should be jointly
analyzed among reliability, number of hops and the variation curves of transmission delay under
traffic flow: Having observed that the average gap among the three reliability pillar in nodesparse area is greater than that in node-dense area. When respectively compare the path
reliability comparison between node-dense and node-sparse area in Figure 8-1 and Figure 8-6,
the reliabilities of all the paths in each test are no less than 0.99 in node-dense area, while those
of path2 and path3 in almost all the test are far below 0.99. Having analyzed from Equation (40)
and (41), lower reliability will result in lower effective capacity of some links, which is defined
as
=
×
. The lower effective capacity will lead to the term ⁄( − ) higher as
the traffic flow
increases. When the traffic flow approaches near its upper limit and relevant
link reliability is far below 0.99, nonlinearity of the curve with lower path reliability will be
aggravated than that with higher path reliability, which results in the “rank revision phenomena
of transmission delay”. Number of hops will no longer be the dominant reason deciding
transmission delay at this time.

8.4. Discussion
The discussion is proposed to talk about some influencing factors to the simulation results. In
this thesis, the nominal capacity of all FSO links
was set to be
according to FSO
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specs [30] that most FSO transceivers are able to perform. The link reliability threshold ℎ was
set to be 0.9, links whose reliability below this threshold were not considered to be selected.
However, the traffic demand must be limited between 0 and the threshold effective
capacity ℎ ×
=
. As can be analyzed from Equation (40) and (41), the
transmission delay and as a unit of time must be a positive real number, which results in
the term ( − ) must be larger than 0. It means the traffic flow on each link
must be
smaller than its effective capacity . Besides, the variation curves of transmission delay under
traffic flow are increasing exponentially in both simulation scenarios, both SRD
and LRD
are significantly delayed as the traffic flow approaches its upper limit. Thus in case of
exponential traffic congestion, it is recommended that both traffic demand and traffic flow
propagating through the links should be pressed below a value close to the effective capacity,
where the nonlinearity of the transmission delay curve starts to obviously aggravate.
Another dominant factor that influencing the simulation results is the refraction structure
parameter index
, which was randomly generated between the ranges [ − , . ×
⁄
− ] −
− /
with the typical weather condition
= −
. The average altitude was
set to
high. In reality, such a similar way of parameter setting like [89] is not that accurate
since the weather conditions in different places are various. The setting of refraction structure
parameter index has to comply the occurrence probability of sunny, foggy and cloud weather
in various continent.
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Chapter 9 Conclusion and Future Work
9.1. Conclusion
This thesis introduces the terrestrial FSO ad hoc mesh network as a candidate for future high
bandwidth wireless communications. It is concerned with routing mechanisms in FSO ad hoc
mesh network under the effect of atmospheric turbulence. The initial motivation of the thesis
was followed by a comprehensive introduction and literature survey. Pursing this further, three
research questions were raised up according to the routing mechanism in FSO ad hoc mesh
network:





How to find a communication path from given s-d pair with highest possible reliability
under stochastic atmospheric turbulence?
How to route traffic from given s-d pair with satisfying certain Quality of Services?
Can the traffic that propagating along the path with highest reliability also reach lowest
transmission delays?

The first question was solved by understanding the Dijkstra shortest path algorithm and the Kth shortest path algorithm. Based on the node deployments, the link reliability matrix of the
network was dynamically generated under stochastic atmospheric turbulence. It was then
transformed by a specific logarithmic operation into a temporal weight matrix. Due to the
principle of logarithmic operation, the multiplicative objective of obtaining the highest path
reliability was also transformed to be additive. Thus by substituting and computing the temporal
weight matrix in Djikstra and the proposed K-th shortest path algorithm, the path with highest
reliability, a second possible highest reliability and the third highest reliability were
equivalently obtained at the same time. They were established between the given sourcedestination pair adapting the dynamic turbulence, unless too strong turbulence prevents the path
to be established.
The second and third questions were jointly answered by deeply analyzing the Matlab
simulation results from the node-dense and node-sparse area of the mesh deployment. As the
essential indicators of Quality of Services, the SRD and LRD transmission delays along the
paths were estimated 10 times per simulation scenarios by given traffic demand. Matlab
simulation showed that in node-dense area, transmission delays are positively proportional to
the number of hops of the paths and irrelevant with their reliability. Path reliability only helps
to reduce little transmission delay when hops between two paths are equal. While in node-sparse
area, although the same conclusion was obtained before the traffic flow exceeded the region
where nonlinearity of the delay curve starts to obviously aggravate, they were verified to be
invalid once the traffic flow approaching near its upper limit while the reliabilities of the other
paths are below certain threshold (in this thesis, the threshold is 0.99). The transmission delay
of paths was then highly proportional to the path reliability.
In order to route traffic from given s-d pair with satisfying certain Quality of Services, the path
with highest reliability may not be the best choices since they may hold more hops which will
degrade the QoS. Meanwhile, in case of exponential traffic congestion, it is recommended that
both traffic demand and traffic flow propagating through the links should be pressed below a
value close to the effective capacity, where the nonlinearity of the transmission delay curve
starts to obviously aggravate.
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9.2. Future work
In order to improve the simulation result to be more plausible, more accurate index of refraction
structure parameter, which reflects the effect of stochastic atmospheric turbulence, needs to be
predicted and generated within different locations of the FSO network. This can be done by
cooperating with additional weather broadcasting system, besides, the index of refraction
structure parameter from the altitude higher than ground (e.g., above .
as specified at the
beginning of Section 8.1.) should be studied, so as to model the FSO system under atmospheric
turbulence in mountain area. Moreover, BER and SNR are also worth to be leveraged as link
weight for constructing the link quality matrix.
More optimization algorithm such as Branch and Bound, stimulated annealing or fast heuristics
are rewarding to be adopted, targeting on maximizing network-wide average load, minimizing
network-wide average delay as well as achieving network fairness. More advanced models
should be developed in order to achieve the network stabilization in case of FSO break down
due to heavy turbulence, thus traditional RF communication will be triggered as backup.
Last but not least, in order to research FSO communication behaviors more comprehensively is
to utilize more professional network simulation software such as NS2, which provide more
fruitful operating panel and modules for establishing the network simulating environment,
covering the complete 7 layers of the OSI model.
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Appendices
Appendix A. Test result in node-dense area

A 1-1

Path1 Via: 2 -> 11 -> 20 -> 9 -> 15 -> 16 -> 8 -> 22
Path2 Via: 2 -> 11 -> 20 -> 9 -> 5 -> 22
Path3 Via: 2 -> 6 -> 25 -> 18 -> 16 -> 22
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A 1-2

A 1-3

A 2-1

Path1 Via: 2 -> 20 -> 17 -> 22
Path2 Via: 2 -> 20 -> 17 -> 15 -> 16 -> 8 -> 22
Path3 Via: 2 -> 11 -> 6 -> 14 -> 18 -> 9 -> 13 -> 22
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A 2-2

A 2-3

73

A 3-1

Path1 Via: 2 -> 11 -> 6 -> 20 -> 24 -> 8 -> 22
Path2 Via: 2 -> 11 -> 6 -> 20 -> 24 -> 8 -> 13 -> 22
Path3 Via: 2 -> 6 -> 11 -> 25 -> 9 -> 5 -> 22

A 3-2
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A 3-3

A 4-1

Path1 Via: 2 -> 6 -> 20 -> 16 -> 8 -> 22
Path2 Via: 2 -> 6 -> 20 -> 16 -> 8 -> 13 -> 22
Path3 Via: 2 -> 11 -> 25 -> 17 -> 15 -> 18 -> 8 -> 19 -> 22
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A 4-2

A 4-3
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A 5-1

Path1 Via: 2 -> 21 -> 3 -> 25 -> 18 -> 22
Path2 Via: 2 -> 21 -> 3 -> 25 -> 18 -> 15 -> 16 -> 22
Path3 Via: 2 -> 11 -> 20 -> 18 -> 8 -> 22

A 5-2
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A 5-3

A 6-1

Path1 Via: 2 -> 11 -> 18 -> 17 -> 15 -> 16 -> 13 -> 8 -> 22
Path2 Via: 2 -> 11 -> 18 -> 17 -> 15 -> 16 -> 13 -> 22
Path3 Via: 2 -> 25 -> 20 -> 15 -> 22
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A 6-2

A 6-3
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A 7-1

Path1 Via: 2 -> 6 -> 18 -> 16 -> 15 -> 17 -> 8 -> 22
Path2 Via: 2 -> 6 -> 18 -> 16 -> 15 -> 17 -> 8 -> 13 -> 22
Path3 Via: 2 -> 12 -> 20 -> 25 -> 18 -> 5 -> 22

A 7-2
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A 7-3

A 8-1

Path1 Via: 2 -> 20 -> 17 -> 15 -> 16 -> 5 -> 9 -> 22
Path2 Via: 2 -> 20 -> 17 -> 15 -> 13 -> 19 -> 22
Path3 Via: 2 -> 11 -> 25 -> 18 -> 16 -> 22
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A 8-2

A 8-3

82

A 9-1

Path1 Via: 2 -> 11 -> 25 -> 17 -> 16 -> 15 -> 19 -> 22
Path2 Via: 2 -> 11 -> 25 -> 17 -> 16 -> 22
Path3 Via: 2 -> 20 -> 17 -> 15 -> 8 -> 22

A 9-2
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A 9-3

A 10-1

Path1 Via: 2 -> 11 -> 6 -> 20 -> 24 -> 15 -> 22
Path2 Via: 2 -> 11 -> 6 -> 20 -> 24 -> 15 -> 17 -> 22
Path3 Via: 2 -> 23 -> 21 -> 12 -> 25 -> 5 -> 8 -> 22
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A 10-2

A 10-3
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Appendix B. Test result in node-sparse area

B 1-1

Path1 Via: 2 -> 11 -> 6 -> 18 -> 15 -> 16 -> 9 -> 5 -> 4 -> 7
Path2 Via: 2 -> 11 -> 6 -> 25 -> 3 -> 7
Path3 Via: 2 -> 12 -> 23 -> 20 -> 18 -> 17 -> 16 -> 5 -> 7

B 1-2
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B 1-3

B 2-1

Path1 Via: 2 -> 6 -> 20 -> 17 -> 8 -> 13 -> 22 -> 9 -> 5 -> 7
Path2 Via: 2 -> 21 -> 12 -> 3 -> 7
Path3 Via: N/A
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B 2-2

B 2-3

88

B 3-1

Path1 Via: 2 -> 11 -> 6 -> 14 -> 24 -> 18 -> 17 -> 15 -> 5 -> 7
Path2 Via: 2 -> 3 -> 7
Path3 Via: 2 -> 21 -> 11 -> 20 -> 9 -> 4 -> 7

B 3-2
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B 3-3

B 4-1

Path1 Via: 2 -> 11 -> 20 -> 23 -> 25 -> 3 -> 7
Path2 Via: 2 -> 11 -> 20 -> 9 -> 5 -> 7
Path3 Via: 2 -> 21 -> 6 -> 11 -> 23 -> 20 -> 15 -> 16 -> 17 -> 22 -> 5 -> 4 -> 7
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B 4-2

B 4-3
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B 5-1

Path1 Via: 2 -> 11 -> 3 -> 25 -> 18 -> 14 -> 16 -> 9 -> 5 -> 7
Path2 Via: 2 -> 11 -> 3 -> 7
Path3 Via: N/A

B 5-2
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B 5-3

B 6-1

Path1 Via: 2 -> 11 -> 6 -> 20 -> 14 -> 24 -> 17 -> 5 -> 22 -> 4 -> 7
Path2 Via: 2 -> 11 -> 6 -> 23 -> 21 -> 3 -> 7
Path3 Via: 2 -> 23 -> 6 -> 17 -> 16 -> 15 -> 5 -> 7
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B 6-2

B 6-3

94

B 7-1

Path1 Via: 2 -> 11 -> 20 -> 17 -> 9 -> 22 -> 4 -> 7
Path2 Via: 2 -> 11 -> 3 -> 7
Path3 Via: 2 -> 21 -> 12 -> 6 -> 20 -> 18 -> 16 -> 15 -> 9 -> 5 -> 7

B 7-2
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B 7-3

B 8-1

Path1 Via: 2 -> 11 -> 18 -> 9 -> 5 -> 25 -> 3 -> 7
Path2 Via: 2 -> 11 -> 18 -> 9 -> 5 -> 4 -> 7
Path3 Via: 2 -> 3 -> 25 -> 5 -> 7
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B 8-2

B 8-3
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B 9-1

Path1 Via: 2 -> 11 -> 6 -> 18 -> 5 -> 9 -> 4 -> 7
Path2 Via: 2 -> 11 -> 6 -> 20 -> 3 -> 7
Path3 Via: 2 -> 12 -> 25 -> 5 -> 7

B 9-2
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B 9-3

B 10-1

Path1 Via: N/A
Path2 Via: N/A
Path3 Via: N/A
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Appendix C. Matlab codes
C-1. The main function for the solution sketch
%The main function of generating the path with highest reliability,
%the second highest reliability and another independent path
%with no links shared with the previous two paths under stochastic
atmospheric turbulence
%The core algorithm behind this main function is Dijkstra
%FSO nodes are randomly distributed in a square area.
clear all;
clc;
%%%%%%%%%%%%%%%%%%%Initialization%%%%%%%%%%%%%%%%%%%%%%
n=25; %To generate number of FSO node
R=1100; %The communication radius of each FSO node
%%%%%%%%%%%%%%%%%%The function of FSO nodes making and plot%%%%%%%
%rand('state',0);
%[X,Y]=make_data(n);
load mat_X
load mat_Y
fprintf('We have %d FSO nodes in this network¡£\n',n);
fprintf('\n');
figure(1);
clf;
hold on;
set(gcf,'color','white');
title('To show the path with highest reliability, second highest
reliability and another distinct path on graph');
xlabel('Horizontal axes x Unit£ºm');
ylabel('Vertical axes y Unit£ºm');
x0=plot(X, Y, 'b.','MarkerSize',18); %visulize the point on the graph
h=[x0];
str=['n'];
legend(h,str,'Location','NorthEastOutside');
for i = 1:n
text(X(i), Y(i), num2str(i),'FontSize',15); %text(x,y,'string') means
to display the mark of string near (x,y)
end
%%%%%%%%%%%To generate the Euclid distance between each FSO node pair%%%%%
for i=1:n
for j=1:n
dist(i,j)=distance(X(j),X(i),Y(j),Y(i));%(power(X(j)X(i),2)+power(Y(j),Y(i),2));
end
end
%%%%%%%%%%%%%%%%%%To generate the link reliability matrix%%%%%%%%%%%%%%%%%
%in nano Meter wave length
lambd = 1550e-9;
g_th=0.9;
%reliability OWC link
I_0 = 10;
%Average Intensity current-- from the paper Design and
Optimization of a Tiered Wireless Access Network
I_th = 8;
%Threshold Intensity current -- from the paper Design
and Optimization of a Tiered Wireless Access Network
100

[g,capacity,effective_capacity]=variance(n,lambd,I_th,I_0,g_th,dist,R); %To
generate the link reliability matrix
%%%%%%%%%Transform and Node deployment implementation%%%%%%%%%%%%%%%%%%
[temp]=g_subject(n,g); %This is the function to subject the link
reliability matrix 'g' into 'temp' by means of -log(g)
s = input('Please enter the source node number£º');
d = input('Please enter the destination node number£º');
lambda_sample=input('Please enter the traffic demand (0-9 Gbps):'); %enter
the data volume (data rate) on demand
fprintf('\n');
x1=plot(X(s),Y(s),'kx','markersize',15);
x2=plot(X(d),Y(d),'ko','markersize',15); %plot black x as source node,
black o as destination node
h=[x0;x1;x2];
str=['n';'s';'d'];
legend(h,str,'Location','NorthEastOutside');
%%%%%%%%%%%%%%find path%%%%%%%%%%%%%%%%%%%%
[temp_sum,parent,path1]=dij_long(temp,s,d); %This is the function for
executing Dijkstra Algorithm for finding out the path, whose reliability is
maximum
if temp_sum==100 %Atmospheric turbulence strong which lead to path cannot
be established?
fprintf('The atmospheric turbulance is strong that no path can be
established!');
fprintf('\n');
return; %if yes, the program terminates
else
l=length(path1);
hop=l-1;
g_sum=1; %Initialize the total link (path) reliability
for i=1:l-1
g_sum=g_sum*g(path1(i),path1(i+1)); %Maximum Path reliability
end
fprintf('The path reliability for the most reliable path1 is %d
\n',g_sum);
i=2;
fprintf('%d', s);
while i~=l+1
fprintf(' -> %d', path1(i));
i=i+1;
end;
fprintf('\n');
fprintf('There are %d hops for path1.\n',hop);
fprintf('\n');
if l ~= 0
for i = 1:l-1
x3=line([X(path1(i)) X(path1(i+1))], [Y(path1(i))
Y(path1(i+1))], 'Color','r','LineWidth',1); %connect consecutive points
with lines
end
end
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h=[x0;x1;x2;x3];
str=['n';'s';'d';'b'];
legend(h,str,'Location','NorthEastOutside');
%%%%%%%SRD T1 for path1
[dist_passby,data_demand,effective_capacity1,data_volume,part,T1_sample]=tr
ans_delay1(hop,path1,lambda_sample,dist,effective_capacity); %This is the
function to calculate the Euclid distance and transmission
%delay from s to d on demand.The input and output are based on the
short range dependent (SRD) formula:
%T1=(1/lambda)*sum(lambda(i,j)./(effective_capacity(i,j)-lambda(i,j))
fprintf('The SRD transmission delay from node %d to node %d is %d
second.\n',s,d,T1_sample);
fprintf('\n');
figure(2);
clf;
set(gcf,'color','white');
lambda=zeros(1,90000);
for i=1:90000 %To plot the curve between T1 and data volume
lambda(i)=0.0001*i;
T1(i)=(1./data_demand)*sum(lambda(i)./(effective_capacity1lambda(i)));
end
T1_c1=plot(lambda,T1,'red');
hold on
title('The Relationship between SRD Transmission Delay and Data Volume
under path1, path2 and path3');
set(get(gca,'YLabel'),'String','SRD Transmission delay:
Seconds','FontSize',10)
set(get(gca,'XLabel'),'String','data volume: Gbps','FontSize',10)
h2=[T1_c1];
str2=['b'];
legend(h2,str2,'Location','NorthEastOutside');
%%%%%%%LRD T2 for path1
H=0.7; %set the Hurst parameter
a=capacity./2; %set the index of dispersion to be half of the link
reliability

[tau,T2_sample]=trans_delay2(H,a,data_demand,lambda_sample,hop,effective_ca
pacity1);
fprintf('The LRD transmission delay from node %d to node %d is %d
second.\n',s,d,T2_sample);
fprintf('\n');
figure(3);
clf;
set(gcf,'color','white');
lambda=zeros(1,90000);
for i=1:90000 %To plot the curve between T2 and data volume
lambda(i)=0.0001*i;
T2(i)=tau*sum(power(lambda(i)./power((effective_capacity1lambda(i)),2*H),1./(2-2*H)));
end
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T2_c1=plot(lambda,T2,'red');
hold on
title('The Relationship between LRD Transmission Delay and Data Volume
under path1, path2 and path3');
set(get(gca,'YLabel'),'String','LRD Transmission delay:
Seconds','FontSize',10)
set(get(gca,'XLabel'),'String','data volume: Gbps','FontSize',10)
h3=[T2_c1];
str3=['b'];
legend(h3,str3,'Location','NorthEastOutside');
end
%%%%%%%%%%%%%%%%%%%%%find path2%%%%%%%%%%%%%%%%%%%%%
figure(1);
[path2,temp_sum2,parent2]=otherpath(temp,s,d,path1); %find path2
if temp_sum2==100 %Atmospheric turbulence strong which lead to path cannot
be established?
fprintf('The atmospheric turbulance is strong that path2 cannot be
established!');
fprintf('\n');
return; %if yes, the program terminates
else
l2=length(path2);
hop2=l2-1;
g_sum2=1;
for i=1:l2-1
g_sum2=g_sum2*g(path2(i),path2(i+1)); %Second highest path
reliability
end
fprintf('The path reliability for path2 is %d \n',g_sum2);
i=2;
fprintf('%d', s);
while i~=l2+1
fprintf(' -> %d', path2(i));
i=i+1;
end;
fprintf('\n');
fprintf('There are %d hops for path2.\n',hop2);
fprintf('\n');
if l2 ~= 0
for i = 1:(l2-1)
x4=line([X(path2(i))+15 X(path2(i+1))+15], [Y(path2(i))+15
Y(path2(i+1))+15], 'Color','g','LineStyle',':','LineWidth',1);
end
end
h=[x0;x1;x2;x3;x4];
str=['n';'s';'d';'b';'s'];
legend(h,str,'Location','NorthEastOutside');
%%%%%%%%SRD T1 for path2
[dist_passby2,data_demand,effective_capacity2,data_volume2,part2,T1_sample2
]=trans_delay1(hop2,path2,lambda_sample,dist,effective_capacity); %This is
the function to calculate the Euclid distance and transmission
%delay from s to d on demand.The input and output are based on the
short range dependent (SRD) formula:
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%T1=(1/lambda)*sum(lambda(i,j)./(effective_capacity(i,j)-lambda(i,j))
fprintf('The SRD transmission delay from node %d to node %d is %d
second.\n',s,d,T1_sample2);
fprintf('\n');
figure(2);
set(gcf,'color','white');
lambda2=zeros(1,90000);
for i=1:90000 %To plot the curve between T1 and data volume
lambda2(i)=0.0001*i;
T1_2(i)=(1./data_demand)*sum(lambda2(i)./(effective_capacity2lambda2(i)));
end
T1_c2=plot(lambda2,T1_2,'Color','g','LineStyle',':');
h2=[T1_c1;T1_c2];
str2=['b';'s'];
legend(h2,str2,'Location','NorthEastOutside');
%%%%%%%%LRD T2 for path2
H=0.7; %set the Hurst parameter
a=capacity./2; %set the index of dispersion to be half of the link
reliability

[tau,T2_sample2]=trans_delay2(H,a,data_demand,lambda_sample,hop2,effective_
capacity2);
fprintf('The LRD transmission delay from node %d to node %d is %d
second.\n',s,d,T2_sample2);
fprintf('\n');
figure(3);
set(gcf,'color','white');
lambda2=zeros(1,90000);
for i=1:90000 %To plot the curve between T2 and data volume
lambda2(i)=0.0001*i;
T2_2(i)=tau*sum(power(lambda2(i)./power((effective_capacity2lambda2(i)),2*H),1./(2-2*H)));
end
T2_c2=plot(lambda2,T2_2,'Color','g','LineStyle',':');
h3=[T2_c1;T2_c2];
str3=['b';'s'];
legend(h3,str3,'Location','NorthEastOutside');
end
%%%%%%%%%%%%%%%%find path3%%%%%%%%%%%%%%%%%%%%%%
figure(1);
[path3,temp_sum3,parent3]=independentpath(temp,s,d,path1,path2); %find
path3
if temp_sum3==100 %Atmospheric turbulence strong which lead to path cannot
be established?
fprintf('The atmospheric turbulance is strong that path3 cannot be
established!');
fprintf('\n');
return; %if yes, the program terminates
else
l3=length(path3);
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hop3=l3-1;
g_sum3=1;
for i=1:l3-1
g_sum3=g_sum3*g(path3(i),path3(i+1)); %reliability of path3
end
fprintf('The path reliability for the independent path3 is %d
\n',g_sum3);
i=2;
fprintf('%d', s);
while i~=l3+1
fprintf(' -> %d', path3(i));
i=i+1;
end;
fprintf('\n');
fprintf('There are %d hops for path3.\n',hop3);
fprintf('\n');
if l3 ~= 0
for i = 1:(l3-1)
x5=line([X(path3(i))-15 X(path3(i+1))-15], [Y(path3(i))-15
Y(path3(i+1))-15], 'Color','k','LineStyle','-.','LineWidth',1);
end
end
h=[x0;x1;x2;x3;x4;x5];
str=['n';'S';'D';'b';'s';'i'];
legend(h,str,'Location','NorthEastOutside');
%%%%%%%%SRD T1 for path3
[dist_passby3,data_demand,effective_capacity3,data_volume3,part3,T1_sample3
]=trans_delay1(hop3,path3,lambda_sample,dist,effective_capacity); %This is
the function to calculate the Euclid distance and transmission
%delay from s to d on demand.The input and output are based on the
short range dependent (SRD) formula:
%T1=(1/lambda)*sum(lambda(i,j)./(effective_capacity(i,j)-lambda(i,j))
fprintf('The SRD transmission delay from node %d to node %d is %d
second.\n',s,d,T1_sample3);
fprintf('\n');
figure(2);
set(gcf,'color','white');
lambda3=zeros(1,90000);
for i=1:90000 %To plot the curve between T1 and data volume
lambda3(i)=0.0001*i;
T1_3(i)=(1./data_demand)*sum(lambda3(i)./(effective_capacity3lambda3(i)));
end
T1_c3=plot(lambda3,T1_3,'Color','k','LineStyle','-.');
h2=[T1_c1;T1_c2;T1_c3];
str2=['b';'s';'i'];
legend(h2,str2,'Location','NorthEastOutside');
%%%%%%%%LRD T2 for path3
H=0.7; %set the Hurst parameter
a=capacity./2; %set the index of dispersion to be half of the link
reliability
105

[tau,T2_sample3]=trans_delay2(H,a,data_demand,lambda_sample,hop3,effective_
capacity3);
fprintf('The LRD transmission delay from node %d to node %d is %d
second.\n',s,d,T2_sample3);
fprintf('\n');
figure(3);
set(gcf,'color','white');
lambda3=zeros(1,90000);
for i=1:90000 %To plot the curve between T2 and data volume
lambda3(i)=0.0001*i;
T2_3(i)=tau*sum(power(lambda3(i)./power((effective_capacity3lambda3(i)),2*H),1./(2-2*H)));
end
T2_c3=plot(lambda3,T2_3,'Color','k','LineStyle','-.');
h3=[T2_c1;T2_c2;T2_c3];
str3=['b';'s';'i'];
legend(h3,str3,'Location','NorthEastOutside');
end
hold off;

C-2. Generation of ad hoc nodes deployment
%Create Data
function [X,Y]=make_data(n)
X=zeros(1,n);
Y=zeros(1,n);
FLAG=0; %Debugging
%Here we created the data of nodes
for i=1:n
x2_pos(i)=randi(2600,1,1)+200; %a<= N <=b, b=2600, a = 1
y2_pos(i)=randi(2600,1,1)+200; %a<= N <=b, b=2600, a = 1
randi(max,m,n) means to generate a m*n random integer number within its max
number
j=1;
while (j <= i-1)
X(j)=randi(2600,1,1)+200; %a<= N <=b, b=2600, a = 1
Y(j)=randi(2600,1,1)+200; %a<= N <=b, b=2600, a = 1
if(FLAG)
fprintf('x_pos: %d \t y_pos: %d \t i: %d \t x_pos: %d \t y_pos: %d
\t j: %d\t Distance: %f', x2_pos(i),y2_pos(i), i, X(j),Y(j), j,
sqrt(power((x2_pos(i) - X(j)),2) + power((y2_pos(i) - Y(j)),2)) );
end
if( distance(x2_pos(i), X(j), y2_pos(i), Y(j)) > 500)
j=j+1; %Passed, because the distance is far away enough that
couldn't establish a link
if(FLAG)
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fprintf('\t PASSED\n');
end
else
if(FLAG)
fprintf('\t FAILED\n');
end
end
end
if(FLAG)
fprintf('\n');
end
X(j) = x2_pos(i); %Saves the last value
Y(j) = y2_pos(i); %Saves the last value
end
end

C-3. Generation of link reliability matrix
function
[g,capacity,effective_capacity]=variance(n,lambd,I_th,I_0,g_th,dist,R)
%Input: n = number of nodes
%
lambd = wave length (in meter)
%
dist = Euclid distance (in meter)
%
I_th = Intensity threshold
%
I_0 = received average intensity without turbulance
%Output: variance between the nodes
%
The formula follows In Keun Son and Shiwen Mao' journal paper
%
Pr{I>=I_th}=0.5-0.5*erf(ln(I_th/I_0)/(2*sqrt(2)*deviation)
%
g: link reliability
%
capacity: nominal capacity (without dissipation)
%
effective_capacity: the effective capacity of a link is
defined by capacity*g, due to transmission impairments
capacity=10; %initialize the nominal capacity in gbps, the effective
capacity of a link is defined by capacity*g, due to transmission
impairments
transmittance = I_th/I_0;
for i=1:n %traverse each link and calculate its reliability
for j=1:n
if (i~=j) && dist(i,j)<R
var = (0.30545)*power((2*3.14/lambd),7/6)*(((1e-17)+((2.5e-15)(1e-17))).*rand(1))*10*power(dist(i,j),11/6); %In Keun Son and Shiwen Mao'
journal paper, "z" is the distance between two nodes.
std = sqrt(var); % standard deviation
denumerator = 2*std*sqrt(2);
g(i,j) = 0.5 - 0.5*erf(log(transmittance)/denumerator);
if g(i,j)<g_th
g(i,j)=0; %Node must select its next link hop, whose link
reliability is bigger than reliability threshold g_th=0.9.
end
else
g(i,j) = 0;
end
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end
end
g=tril(g,-1)+triu(g',0); %To make g to be a symmetric.
effective_capacity=capacity*g;
end

C-4. Transform of the link reliability matrix into a new matrix in a temporal domain
function [temp]=g_subject(n,g)
%This is the function to subject the link reliability matrix 'g' into
% a temporal domain matrix 'temp' by means of -log(g) for transform
% in order to obtain the path with the highest reliability and the rest
% k-th highest reliability
temp=zeros(n);
for i=1:n
for j=1:n
if g(i,j)>0 && g(i,j)<1
temp(i,j)= -log(g(i,j)); %temp saves the modified matrix of g
which modified by -log(g)
elseif g(i,j)==0
temp(i,j)=inf;
end
end
end
end

C-5. Dijkstra Algorithm for finding the path with highest reliability
function [temp_sum,parent,path]=dij_long(temp,s,d)
%This is the function for executing Dijkstra Algorithm for finding out the
%path, whose reliability is highest.
%Input Variable:
%
temp: adjcent matrix of subjected g by -log(g)
%
s: start node
%
d: end node
%Output Variable:
%
temp_sum: the transformed shortest path reliability from s to d
%
parent(i): the last point of node i
%
path: the vector containing the FSO nodes passed by from s
to d
%
hop: number of hops
%
l: the length of path
% initialize
n=size(temp,1);
D=temp(s,:);
path=[];
visit=ones(1,n);
visit(s)=0;
parent=zeros(1,n);

%
%
%
%
%
%

node number
distance vector
path vector
node visibility
source node is unvisible
parent node

% the shortest distance
for i=1:n-1
% BlueSet has n-1 nodes
temp1=zeros(1,n);
count=0;
for j=1:n
if visit(j)
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temp1=[temp1(1:count) D(j)];
else
temp1=[temp1(1:count) inf];
end
count=count+1;
end
[value,index]=min(temp1);
j=index; visit(j)=0;
for k=1:n
if D(k)>D(j)+temp(j,k)
D(k)=D(j)+temp(j,k);
parent(k)=j;
end
end
end
temp_sum=D(d);
if temp_sum==inf
temp_sum=100;
parent=100;
path=100;
return;
end
path=zeros(1,2*n);
% path preallocation
t=d; path(1)=t; count=1;
while t~=s && t>0
p=parent(t);
path=[p path(1:count)];
t=p;
count=count+1;
end
if count>=2*n
error(['The path preallocation length is too short.',...
'Please redefine path preallocation parameter.']);
end
path(1)=s;
path=path(1:count);
parent(path(2))=s;
end

C-6. Find the path with a second possible highest reliability
function [path2,temp_sum2,parent2]=otherpath(temp,s,d,path1)
%This is the function to compute and obtain the path with the highest
%reliability
%Input:
temp = the transformed matrix in temproal domain
%
s = source node
%
d = destination node
%
path1 = the relevant nodes in path1
%Output:
path2 = the relevant nodes in path2
%
temp_sum2 = the shortest weight for path2
%
parent2 = the previous node index of the current node
l=length(path1);
d2=inf;
for i=1:(l-1)
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A=temp;
A(path1(i),path1(i+1))=inf; %Delete one link from the path1
end
[temp_sum2,parent2,m1]=dij_long(A,s,d); %Re-compute the shortest path with
updated topology
if temp_sum2==100
path2=100;
parent2=100;
m1=100;
return; %Path cannot be found
else temp_sum2<d2
d2=temp_sum2;
path2=m1;
parent2;
end
end

C-7. Find the reliability of a independent path with no links share with its prior paths
function [path3,temp_sum3,parent3]=independentpath(temp,s,d,path1,path2)
%This is the function to compute and obtain the independent path that is
%distinct from path1 and path2
%Input:
temp = the transformed matrix in temproal domain
%
s = source node
%
d = destination node
%
path1 = the relevant nodes in path1
%
path2 = the relevant nodes in path2
%Output:
path3 = the relevant nodes in path3
%
temp_sum3 = the shortest weight for path3
%
parent3 = the previous node index of the current node
l=length(path1);
l2=length(path2);
d3=inf;
A=temp;
for i=1:(l-1)
A(path1(i),path1(i+1))=inf; %Delete all paths from path1
end
for j=1:(l2-1)
A(path2(j),path2(j+1))=inf; %Delete all paths from path2
end
[temp_sum3,parent3,m3]=dij_long(A,s,d); %Recompute the shortest path with
the updated topology
if temp_sum3==100
path3=100;
parent3=100;
m3=100;
return;
else temp_sum3<d3
d3=temp_sum3;
path3=m3;
parent3;
end
end
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C-8. Computer the short range dependent transmission delay (SRD)
function
[dist_passby,data_demand,effective_capacity1,data_volume,part,T1_sample]=tr
ans_delay1(hop,path,lambda_sample,dist,effective_capacity)
%This is the function to calculate the Euclid distance and transmission
%delay from s to d on demand.The input and output are based on the short
range dependent (SRD) formula:
%T1=(1/lambda)*sum(lambda(i,j)./(effective_capacity(i,j)-lambda(i,j))
%Input Variable:
%
hop: number of hops
%
path: the vector containing the passed by FSO nodes from s
to d
%
lambda_sample: the data volume on demand for entering
%
dist: the Euclid distance between each FSO node pair
% effective_capacity: the effective capacity of a link is defined by
capacity*g, due to transmission impairments
%
%Output Variable:
%
dist_passby: the Euclid distance passed by
%
data_demand: the data demand (gbps)
%effective_capacity1: to make up effective_capacity from matrix into a ONE
row vector which is easy to handle in formula
%
data_volume: data volume popagating on link (gbps)
%
part: sum(lambda(i,j)./(effective_capacity(i,j)lambda(i,j))
%
T1_sample: the subject delay under data volume
for i=1:hop
data_volume(path(i),path(i+1))=lambda_sample; %Assign data flow onto
each relevant link
distance_passedby(i)=dist(path(i),path(i+1));
effective_capacity1(i)=effective_capacity(path(i),path(i+1));
end
dist_passby=sum(distance_passedby); %To sum up the total Euclid distance
passed by
data_demand=lambda_sample;
for i=1:hop
part(i)=lambda_sample./(effective_capacity1(i)-lambda_sample);
end
T1_sample=(1/data_demand)*sum(part);
End

C-9. Computer the long range dependent transmission delay (LRD)
function
[tau,T2_sample]=trans_delay2(H,a,data_demand,lambda_sample,hop,effective_ca
pacity1)
%This is the function to calculate the LRD transmission
%delay from s to d on demand.The input and output are based on the long
range dependent (LRD) formula
%Input variable:
%
H: set the Hurst parameter
%
a: set the index of dispersion to be half of the link
reliability
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%
%
%

hop: number of hops
lambda_sample: the data volume on demand for entering
effective_capacity: the effective capacity of a link is defined by
capacity*g, due to transmission impairments
%Output Variable:
%
tau: tau in the formula
%
T1_sample: the subject delay under data volume on demand
k_H=power(H,H)*power((1-H),(1-H));
tau=(1./data_demand)*gamma(1+1./(2-2*H))*power(2*power(k_H,2)*a,1./(22*H));
for i=1:hop
part2(i)=power(lambda_sample./power((effective_capacity1(i)lambda_sample),2*H),1./(2-2*H));
end
T2_sample=tau*sum(part2);
end

112

