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Abstract

Free-space optical (FSO) communication plays a crucial role in aerospace technology, utilizing
lasers to establish high-speed, wireless connections over long distances. FSO surpasses con-
ventional RF wireless technology in various aspects and supports high-data-rate connectivity for
services such as Internet access, data transfer, voice communication, and image transfer. High-
Altitude Platforms (HAPs) have emerged as ideal hosts for FSO communication networks, offering
ultra-high data rates for applications like high-speed Internet, video conferencing, telemedicine,
smart cities, and autonomous driving. FSO via HAPs ensures minimal latency, making it suitable
for real-time tasks like remote surgery and autonomous vehicle control. The swift, long-distance
communication links with low delays make FSO-equipped HAPs ideal for RF-congested areas,
providing cost-effective solutions in remote regions and contributing to environmental monitoring.

This thesis explores the use of adaptive code-rate Hybrid Automatic Repeat Request (HARQ)
methods and channel state information (CSI) to improve the transmission efficiency of Free-Space
Optical (FSO) links between High Altitude Platforms (HAPs). The study looks at channel prob-
lems like atmospheric turbulence and static pointing errors, with a focus on the weak fluctuation
regime of atmospheric turbulence. It explores the reciprocal behavior in bidirectional FSO chan-
nels to improve performance efficiency, providing evidence of channel reciprocity. The research
proposes the use of HARQ, an adaptive Reed-Solomon (RS) code-rate technique, and different
CSI types to address these impairments. Simulations of different situations are used to test how
well these methods work. This helps us learn more about how efficient HARQ protocols are in
inter-HAP FSO links, how important different CSI are in adaptive rate HARQ, and possible ways
to make the system more efficient. This thesis looks at the channel model for inter-High Altitude
Platform (HAP) Free-Space Optical (FSO) links in great detail, taking atmospheric conditions and
static pointing errors into account. The channel is modeled as a lognormal fading channel under a
weak fluctuation regime. The principle of channel reciprocity and the measures used to quantify it
are discussed, providing a foundational understanding for the subsequent investigations.

Forward Error Correction (FEC) schemes, with a specific emphasis on the Reed-Solomon (RS)
scheme, and various Automatic Repeat reQuest (ARQ) schemes are thoroughly examined. A
meticulous comparison of different ARQ schemes highlights that Selective Repeat ARQ (SR-
ARQ) is the most efficient for high-error-rate channels, making it the preferred choice for inter-
HAP FSO channels. Conversely, Stop and Wait ARQ (SW-ARQ) and Go-Back-N ARQ (GBN-
ARQ) are found to be less suitable for these channels. An innovative approach is introduced,
leveraging various types of Channel State Information (CSI) to adjust the Reed-Solomon Forward
Error Correction (FEC) code-rate. Four types of CSI: perfect CSI (P-CSI), reciprocal CSI (R-
CSI), delayed CSI (D-CSI), and fixed mean CSI (F-CSI) are employed. The adaptation of the
Reed-Solomon FEC code-rate, aligned with Selective Repeat ARQ, is explored, and the optimal
power selection is identified through rigorous analysis. It shows simulation models that use OM-
NET++ and gives information about the inter-HAP channel and the event-based selective repeat
HARQ model.
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The study demonstrates reciprocity in the longest recorded ground-to-ground bidirectional Free-
Space Optical (FSO) link, holding promise to mitigate signal scintillation caused by atmospheric
turbulence. It evaluates the performance of different ARQ protocols and adaptive Hybrid Auto-
matic Repeat Request (HARQ) schemes in inter-HAP FSO communication systems. The results
show how channel state information, turbulence in the atmosphere, and pointing errors affect the
performance of the system. They also suggest ways to improve system efficiency, such as using
CSI prediction and soft combining. These findings offer valuable insights for the design and op-
timization of ARQ and HARQ schemes in inter-HAP FSO communication systems and suggest
promising avenues for future research.



Kurzfassung

Die optische Freiraumkommunikation (FSO) ist in der Luft- und Raumfahrttechnik von entschei-
dender Bedeutung, da sie Laser nutzt, um drahtlose Hochgeschwindigkeitsverbindungen iiber
grof3e Entfernungen herzustellen. Fiir Internetzugang, Dateniibertragung, Sprachkommunikation
und Bildiibertragung ermoglicht FSO Verbindungen mit hoher Datenrate. Zudem {iibertrifft die
konventionelle drahtlose RF-Technologie in verschiedenen Punkten. High Altitude Platforms
(HAPs) haben sich als ideale Triger fiir FSO-Netzwerke etabliert und bieten ultrahohe Datenraten
fir Anwendungen wie High-Speed-Internet, Videokonferenzen, Telemedizin, Smart Cities und au-
tonomes Fahren. FSO iiber HAPs gewihrleistet minimale Latenzzeiten und eignet sich daher per-
fekt fiir Echtzeitanwendungen wie Fernoperationen und die Steuerung autonomer Fahrzeuge. Die
schnellen, weitreichenden Kommunikationsverbindungen mit geringen Verzégerungen machen
HAPs mit FSO ideal fiir RF-iiberlastete Gebiete, bieten kostengiinstige Losungen in abgelegenen
Regionen und unterstiitzen die Umweltiiberwachung.

Diese Arbeit untersucht den Einsatz von adaptiven Code-Rate Hybrid Automatic Repeat Request
(HARQ) Methoden und Channel State Information (CSI) zur Verbesserung der Ubertragungsef—
fizienz von Free-Space Optical (FSO) Verbindungen zwischen High Altitude Platforms (HAPs).
Die Studie befasst sich mit Kanalproblemen wie atmosphirischen Turbulenzen und statischen
Ausrichtungsfehlern, wobei der Schwerpunkt auf dem schwachen Fluktuationsbereich der atmo-
sphérischen Turbulenzen liegt. Sie erforscht das reziproke Verhalten in bidirektionalen FSO-
Kanilen, um die Leistungseffizienz zu verbessern, und liefert Beweise fiir die Reziprozitit der
Kanile. Die Forschung schlidgt die Verwendung von HARQ), einer adaptiven Reed-Solomon (RS)-
Coderate-Technik und verschiedenen CSI-Typen vor, um diesen Beeintrichtigungen zu begegnen.
Anhand von Simulationen verschiedener Situationen wird getestet, wie gut diese Methoden funk-
tionieren. Dies hilft uns, mehr dariiber zu erfahren, wie effizient HARQ-Protokolle in Inter-HAP-
FSO-Verbindungen sind, wie wichtig verschiedene CSI bei adaptiver HARQ-Rate sind und welche
Moglichkeiten es gibt, das System effizienter zu machen. In dieser Arbeit wird das Kanalmodell
fiir optische Freiraumverbindungen (FSO) zwischen High Altitude Platforms (HAP) unter Beriick-
sichtigung der atmosphirischen Bedingungen und statischer Ausrichtungsfehler eingehend unter-
sucht. Der Kanal wird als lognormaler Fading-Kanal mit schwacher Fluktuation modelliert. Das
Prinzip der Kanalreziprozitit und die zu ihrer Quantifizierung verwendeten Malle werden erortert,
um ein grundlegendes Verstidndnis fiir die nachfolgenden Untersuchungen zu schaffen.

Forward Error Correction (FEC) Schemata, mit besonderem Schwerpunkt auf dem Reed-Solomon
(RS) Schema, und verschiedene Automatic Repeat reQuest (ARQ) Schemata werden griindlich
untersucht. Ein sorgfiltiger Vergleich verschiedener ARQ-Verfahren zeigt, dass Selective Repeat
ARQ (SR-ARQ) bei Kanilen mit hoher Fehlerrate am effizientesten ist und daher die bevorzugte
Wahl fiir Inter-HAP-FSO-Kanile darstellt. Umgekehrt sind Stop and Wait ARQ (SW-ARQ) und
Go-Back-N ARQ (GBN-ARQ) fiir diese Kanile weniger geeignet. Es wird ein innovativer Ansatz
eingefiihrt, der verschiedene Arten von Kanalzustandsinformationen (CSI) nutzt, um die Reed-
Solomon-FEC-Code-Rate (Forward Error Correction) anzupassen. Es werden vier Arten von CSI
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verwendet: perfekte CSI (P-CSI), reziproke CSI (R-CSI), verzdgerte CSI (D-CSI) und CSI mit
festem Mittelwert (F-CSI). Die Anpassung der Reed-Solomon FEC Coderate, die mit Selective
Repeat ARQ abgestimmt ist, wird untersucht und die optimale Leistungsauswahl wird durch eine
strenge Analyse ermittelt. Es werden Simulationsmodelle gezeigt, die OMNET++ verwenden
und Informationen iiber den Inter-HAP-Kanal und das ereignisbasierte Selective Repeat HARQ-
Modell liefern.

Die Studie stellt die Reziprozitit in der langsten aufgezeichneten bidirektionalen optischen Boden-
zu-Boden-Verbindung (FSO) fest, die vielversprechend ist, um die durch atmosphérische Turbu-
lenzen verursachte Signal-Szintillation zu mildern. Es wird die Leistung verschiedener ARQ-
Protokolle und adaptiver Hybrid Automatic Repeat Request (HARQ)-Schemata in Inter-HAP-
FSO-Kommunikationssystemen bewertet. Die Ergebnisse zeigen, wie Kanalzustandsinformatio-
nen, Turbulenzen in der Atmosphire und Ausrichtungsfehler die Leistung des Systems beein-
flussen. Sie schlagen auch Moglichkeiten zur Verbesserung der Systemeffizienz vor, wie z. B.
die Verwendung von CSI-Vorhersagen und Soft Combining. Diese Ergebnisse bieten wertvolle
Einblicke fiir die Entwicklung und Optimierung von ARQ- und HARQ-Verfahren in Inter-HAP-
FSO-Kommunikationssystemen und zeigen vielversprechende Wege fiir die zukiinftige Forschung
auf.
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1 Introduction

In this chapter, the topics of Free Space Optical (FSO) communi-
cation, High Altitude Platforms (HAPs), and Error Control Coding
(ECC) are introduced in separate sections, namely Section 1.1, Sec-
tion 1.2, and Section 1.3. Additionally, the purpose, intent, and sig-
nificant contributions of the research are outlined in Section 1.4, and
the thesis outline is provided in Section 1.5.
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1.1. Free Space Optical (FSO) Communication

Free-space optical (FSO) communication is a crucial technology in the aerospace industry, en-
abling multi-gigabit-per-second (multi-Gbps) communications [1, 2, 3]. FSO lasercom utilizes
lasers to establish line-of-sight, wireless connections between distant locations, offering distinct
advantages over conventional Radio Frequency (RF) wireless technology. These advantages in-
clude higher data rates, low probability of interception, low energy requirements, and compact
form factors. The capabilities of FSO align with the increasing demand for high-data-rate con-
nectivity, catering to services such as Internet access, interactive data transfer, voice transfer, and
image transfer [4].

FSO applications are diverse, serving satellites, high-altitude platforms (HAPs), unmanned aerial
vehicles (UAVs), aircraft, and ground stations in both civilian and military domains. Examples
of FSO applications include inter-satellite links (ISLs), deep space missions, UAV-to-UAV links,
and data links from geostationary satellites (GEO) to terrestrial ground stations. FSO connections
excel in scenarios where lightweight platforms, high data links, and fiber-optic connections are im-
practical, such as inter-building city links and space links [5, 4, 6, 2, 7, 8, 9]. Despite atmospheric
challenges like scintillation, atmospheric turbulence, weather conditions, obstructions, dispersion,
beam wandering, absorption, and interference [10, 11, 3, 12], FSO outperforms conventional radio
communication by delivering multi-gigabit data rates and overcoming interference and bandwidth
limitations [2]. By providing faster data transfer rates and a secure communication option, FSO
has the potential to revolutionize communication systems.

1.2. High Altitude Platforms (HAPS)

High Altitude Platforms (HAPs) are unmanned aerial vehicles or airships that can be permanently
deployed and operated independently across diverse locations [13, 14, 15, 16, 17, 18, 19]. They
serve as versatile bases for various applications, including mobile user data connectivity, remote
sensing, earth observation, and communication hubs. HAPs offer strategic deployment capabili-
ties, even in crisis zones, and can be easily modified for maintenance and payload requirements.
They operate within the lower stratosphere, above civil air routes, jet streams, and clouds, while
remaining below orbiting satellites. HAPs can exist as unpowered balloons or unmanned, powered
airships. Airships, despite their challenges during takeoff and landing due to dynamic drag, have
the advantage of accommodating substantial payloads and generating power through solar cells.

Optical Inter-Platform Links (OIPL) have emerged as a technology for enabling high-speed com-
munication connections between stratospheric platforms. HAPs, operating at altitudes of 17 to
22 kilometers and capable of remaining airborne for months, are well-suited for communication,
surveillance, and environmental monitoring applications. OIPL-based inter-HAP communication
scenarios can be realized above cloud ceilings [5, 16, 15]. These platforms possess the endurance
required for extended flight periods. Optical inter-platform links establish efficient and high-speed
communication pathways among stratospheric platforms. Leveraging their capacity for substantial
payloads and solar-powered energy generation, HAPs offer distinct advantages. However, their
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significant size poses challenges during flight and landing due to dynamic drag. An illustrative
example of an inter-HAP communication scenario employing optical links above cloud ceilings
can be seen in Figure 1.1.

Figure 1.1.: Illustration of inter-HAP scenarios with stratospheric links above cloud ceiling.

High-Altitude Platforms (HAPs) have emerged as a promising solution for Free-Space Optical
(FSO) communication networks [13, 18, 19]. Positioned at elevated altitudes, HAPs provide an
optimal foundation for FSO communication, supporting ultra-high data rates exceeding several
gigabits per second. This capability serves diverse applications, from high-speed internet and
video conferencing to telemedicine, smart cities, and autonomous driving. FSO communication
via HAPs boasts minimal latency, rendering it suitable for real-time tasks like remote surgery and
autonomous vehicle control. HAPs ensure swift communication links spanning tens of kilometers,
with delays below 1 millisecond. The immunity of FSO to interference positions HAPs equipped
with FSO transceivers as ideal for RF-congested environments such as urban centers and mili-
tary zones. For critical domains like national security, disaster response, and remote operations,
dependable communication is paramount. Furthermore, FSO via HAPs presents cost-effective
solutions, particularly in remote or inaccessible regions, negating the need for expensive ground
infrastructure. This technology also serves as a substitute for RF-based satellite communication,
curtailing conventional communication costs. Leveraging FSO transceivers, HAPs find utility in
environmental monitoring tasks like detecting greenhouse gases, ensuring air quality, and observ-
ing weather patterns, catering to sectors like environmental monitoring, agriculture, and oil and
gas [14, 16, 20, 21, 22, 23].

While projects like Google Loon [24, 25] and Facebook’s Internet.org [26] employed optical free-
space links for remote internet access, only Google Loon utilized FSO technology. Although
Google Loon ceased operations in 2021, Internet.org continues to operate in select regions despite
regulatory challenges. HAPs, with their advantages encompassing rapid communication, low la-
tency, reliability, affordability, and environmental monitoring, are poised to play a pivotal role in
the future of FSO communication networks. Ongoing research and development efforts are ex-
pected to further enhance the capabilities of HAPs equipped with FSO transceivers in the next
wave of communication technologies.
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1.3. Error Control Coding

According to Claude Shannon [27],

“The fundamental problem of communication is that of reproducing at one point
either exactly or approximately a message selected at another point”

In communication systems, the presence of channel impairments can lead to transmission errors,
resulting in the reception of incorrect information. To address this issue, Error Control Coding
(ECC) techniques are employed. ECC consists of two main phases: error detection and error cor-
rection. Error correction schemes include Forward Error Correction (FEC) and Automatic Repeat
Request (ARQ), while error detection schemes encompass parity codes, checksums, and Cyclic
Redundancy Check (CRC). FEC is a method for error correction that can identify and rectify a cer-
tain number of errors in transmitted data without requiring retransmission [27, 28]. On the other
hand, ARQ is an adaptive mechanism that initiates re-transmission only when errors occur, uti-
lizing a feedback channel. Although ARQ provides better error performance in certain scenarios
than FEC, it leads to lower overall throughput. Additionally, ARQ requires less complex decoding
equipment for error detection compared to error correction. Hybrid ARQ combines the advan-
tages and disadvantages of FEC and ARQ, making it a more efficient utilization of the channel
[29, 30]. A HARQ system [31, 32, 33], combining an FEC subsystem within an ARQ system, de-
creases retransmissions by fixing received packet errors, boosting throughput. If FEC fails, ARQ
improves reliability, hence, combining FEC and ARQ offers higher reliability and throughput than
using either system alone. According to [34, 32, 33], two common types of HARQ processes exist,
each determined by how the receiver deals with packets received with errors: HARQ-Type I: If an
error is detected in a received packet after a transmission attempt, it is discarded. HARQ-Type
II: When a packet with errors is received, it’s stored in a buffer after every transmission attempt
and then combined with subsequent transmitted packets to boost the efficiency of the FEC code.
Ongoing research and development efforts continue to enhance the capabilities of ECC techniques
in communication systems. HARQ schemes are discussed in detail in Section 3.3.4.

1.4. Research Questions and Contributions

This thesis investigates the application of adaptive code-rate Hybrid Automatic Repeat Request
(HARQ) methods and channel state information (CSI) to boost the transmission efficiency of inter-
High Altitude Platform (HAP) Free-Space Optical (FSO) links. The study’s main areas of focus

are structured into three research questions and corresponding contributions:

1. Determining Channel Impairments and Scenario Refinement: This dissertation identi-
fies the channel impairments impacting inter-HAP FSO links, including atmospheric turbu-
lence and static pointing errors. A particular emphasis is placed on the weak fluctuation
regime of atmospheric turbulence, where the scintillation index can be effectively modeled.



Introduction 5

2. Exploiting Reciprocal Behavior in Bidirectional FSO Channels for Enhanced Perfor-
mance Efficiency: The research explores the reciprocal behavior in bidirectional FSO chan-
nels as a means to improve performance efficiency of HARQ schemes. It provides both
experimental and simulation-based proof of channel reciprocity, showing that the transmit-
ter can use low-delay CSI to manage adaptive link errors in inter-HAP FSO links.

3. Choosing Suitable HARQ Technology and Dynamic Code Rate Adaptation Using CSI
to Boost Performance and Address Inter-HAP FSO Channel Impairments: The study
proposes the application of HARQ along with an adaptive Reed-Solomon (RS) code-rate
technique and different types of CSI. Furthermore, it introduces an OMNET++-based simu-
lation model to simulate this proposed strategy.

The dissertation assesses the effectiveness of the suggested concepts via simulations of inter-HAP
FSO links under various scenarios, taking into account parameters for both traditional and recipro-
cal channels. It provides a performance evaluation of the adaptive Reed-Solomon (RS) code-rate
HARQ method, comparing its effectiveness across different inter-HAP FSO scenarios and CSI
types. In essence, the dissertation enhances our comprehension of the efficiency of HARQ proto-
cols in inter-HAP FSO links, the pivotal role of various CSI in adaptive rate HARQ, and potential
solutions for system efficiency. The findings from this dissertation research have been disseminated
through numerous conference proceedings, with citations including [35, 36, 37, 38, 39, 40, 41].
These are further detailed in Appendix A.

1.5. Thesis Outline

This section provides an overview of the dissertation, which is organized as follows:

Chapter 1: This introductory chapter presents the motivation behind the thesis, which is to investi-
gate the performance of Automatic Repeat Request (ARQ) and Hybrid Automatic Repeat Request
(HARQ) techniques in inter-High Altitude Platform (HAP) Free-Space Optical (FSO) links. Fur-
thermore, the chapter explores the research questions that the thesis aims to address and provides
an outline of the thesis.

Chapter 2: This chapter explores the channel model for inter-High Altitude Platform (HAP) Free-
Space Optical (FSO) communication in turbulent atmospheric conditions. It discusses the impact
of atmospheric effects on the FSO link, including optical turbulence profiles, the effects of aperture
averaging, and static pointing errors. The model for the Receiver Front End (RFE) and the link
budget are also presented. Furthermore, the chapter explores the modeling of the scintillation index
in a regime of low fluctuations. It offers a thorough explanation of reciprocity in FSO channels
and introduces assessment measures for reciprocity.

Chapter 3: This chapter offers a comprehensive review of error control techniques, including a
focused discussion on Forward Error Correction (FEC) methods, particularly Reed-Solomon (RS)
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FEC. It also outlines Automatic Repeat Request (ARQ) schemes and their performance measures.
In conclusion, the chapter identifies the most suitable ARQ scheme for this thesis through a quan-
titative comparison.

Chapter 4: This chapter introduces a novel approach to modify the Forward Error Correction
(FEC) code-rate in accordance with the specific CSI type. This method consists of choosing the
ideal code-rate based on the CSI type and fine-tuning it for the Receiver Front End (RFE) to
enhance transmission efficiency for each CSI type. It recommends the use of an adaptive code-
rate selection look-up table and suggests incorporating this strategy into the Selective Repeat (SR)
Automatic Repeat Request (ARQ) mechanism.

Chapter 5: This chapter outlines the two simulation environments utilized in this thesis. The
first one, based on Matlab, is used for the inter-High Altitude Platform (HAP) Free-Space Opti-
cal (FSO) channel to generate the received power vectors. The second environment, running on
OMNET++, serves to simulate Automatic Repeat Request (ARQ) and Hybrid Automatic Repeat
Request (HARQ) schemes.

Chapter 6: This chapter presents the outcomes of the performance evaluation. Initially, it intro-
duces and assesses the results of reciprocity measurements from a long-distance bidirectional free-
space optical (FSO) communication system, which features a ground-to-ground reciprocal FSO
link distance of 62.86 km - the longest ever recorded. In addition, the chapter offers a simulation-
based performance analysis of Hybrid Automatic Repeat Request (HARQ) in inter-High Altitude
Platform (HAP) FSO links, exploring a broad array of channels and parameters. It further scru-
tinizes the effectiveness of adaptive code rate HARQ, both with and without different forms of
channel state information (CSI).

Chapter 7: This chapter summarizes the research findings, contributions, and conclusions pre-
sented in the thesis. It also discusses the limitations of the work and provides recommendations
for future research directions.
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2

Inter-HAP FSO Channel Model

This chapter presents the channel model for inter-High Altitude Plat-
form (inter-HAP) Free-Space Optical (FSO) links under conditions
of atmospheric turbulence. It examines the effects of such turbulence
on the channel in Section 2.2. This section sheds light on strato-
spheric conditions and presents pertinent optical turbulence models
in Section Section 2.4. The model is then adapted for HAP-to-HAP
communication scenarios using well-established analytical models.
The scenarios employed in this study are explored in Section 2.3.
Additionally, the impact of pointing errors on the channel is inves-
tigated in Section 2.8. The channel model’s suitability for various
scenarios, as described in Section 2.3, is assessed, alongside crucial
link budget calculations. With a focus on HAP-HAP communication
systems, Section 2.9 provides an in-depth discussion of the receiver
and link budget, and presents an overview of channel parameters. A
detailed explanation of FSO channel reciprocity is provided in Sec-
tion 2.10. The chapter wraps up with a summary of the key points in
Section 2.11.
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2.1. Introduction

In this section, we will explore the significance of accurate modeling of the communication chan-
nel between two high-altitude platforms (HAPs) using free-space optical (FSO) links. The optimal
configuration of a communication system’s transmitter and receiver is largely influenced by the
communication channel. For inter-HAP communication, atmospheric turbulence affects the chan-
nel, leading to scintillations or random variations in the intensity of the laser beam carrying the
signal [4]. These variations, compounded with beam spreading and wander, can cause signal losses
and fading, thereby increasing the system’s bit error ratios. To accurately gauge the performance
of an inter-HAP communication system, it’s crucial to start with an appropriate model of optical
turbulence.

Turbulent atmospheric motion, influenced by moisture and temperature gradients, causes distur-
bances in the atmosphere’s refractive index in the form of optical turbulence cells, known as optical
turbules [4, 2]. According to [4], optical turbulence arises from fluctuations in the refractive index
due to small temperature variations. The random redistribution of the refractive index in space
and time leads to several effects on an optical wave, including temporal irradiance fluctuations
(scintillation) and phase fluctuations. The index of refraction structure constant C,% serves to char-
acterize these fluctuations. To categorize different turbulence regimes, it’s necessary to determine
the height profiles of C%.

While numerous standard profiles exist, most are tailored to specific objectives, geographical lo-
cations, and climate conditions, and may not be suitable for new areas. To fully understand and
characterize FSO communication between two HAPs, the channel must be accurately modeled,
taking into account various factors. This involves modeling the optical turbulence, the effects of
pointing error, the reciprocity of the FSO channel, and defining the necessary link budget calcu-
lations. By characterizing the communication channel using various parameters, optimal channel
performance can be effectively achieved.

The main effects on the inter-HAP FSO link, relevant to this thesis, are elaborated in the subsequent
sections of this chapter:

* Atmospheric Turbulence Effects: As the optical signal travels through layers of turbulence
with different refractive indices, the wavefront becomes distorted. This distortion causes
constructive and destructive interference within the beam itself, resulting in variations in
optical intensity, or scintillations, at the HAP receiver.

* Pointing Error: This refers to the total displacement between the center of the laser beam
and the center of the receiver aperture, known as Pointing Error. It comprises two compo-
nents: constant misalignment and random pointing error.

* Channel Reciprocity: This term refers to the correlation of received powers at both ends of
the inter-HAP FSO bidirectional link. This phenomenon arises when laser beams traverse
the same refractive index inhomogeneities and atmospheric turbulence.
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2.2. The Stratosphere

Several atmospheric elements, including rain, snow, fog, haze, and pollution, adversely affect elec-
tromagnetic radiation as it travels through the atmosphere [42]. These elements contribute to the
absorption, scattering, and refraction of the optical wave, leading to the wave’s attenuation. The
propagated optical wave undergoes irradiance fluctuations, beam spreading, and a loss of spa-
tial coherence due to refraction effects. The turbulence effect stems from small-scale dynamical
changes in the atmospheric index of refraction, forming temporary pockets of air with slightly var-
ied temperature and density, known as turbulence cells. Consequently, these cells develop different
refraction indices, which leads to beam wandering-the random shifting of the instantaneous beam
center-if the turbulence cells are larger than the beam diameter. Conversely, if the turbulence cells
are smaller than the beam diameter, ray bending and diffraction will distort the laser beam’s wave
front. Changes in the arrival time of the laser beam at the receiver lead to both constructive and
destructive interference, causing fluctuations in beam intensity, also known as scintillations.

Bi-directional
FSO Fading Channel

Flucy Uating |
Atmospheric Turbulence at ReCe/-‘:ZenS/'{y
along Link-Path ’

Figure 2.1.: A schematic of the stratospheric inter-HAP FSO bi-directional link.

To gain a deeper understanding of the effects of atmospheric turbulence on the free-space opti-
cal (FSO) channel, a bi-directional FSO inter-HAP communication between HAPs A and B is
showcased in Figure 2.1. The diagram demonstrates how atmospheric turbulence influences the
propagation path and the subsequent intensity fluctuations at the receiver. Atmospheric factors
such as absorption, scattering, and refraction diminish the performance of the FSO link, causing
signal fading and impairing the communication system’s performance. Thus, it’s crucial to charac-
terize the FSO channel using models that account for these atmospheric factors. By modeling the
channel using various parameters, we can optimize the performance of the communication channel
effectively.

This thesis primarily concerns the stratosphere, a layer of the Earth’s atmosphere, as it focuses on
communication between platforms at this altitude. The stratosphere lies between the troposphere
and the mesosphere and is characterized by its relative dryness, minimal water vapor content, and
temperature that rises with altitude. Clouds are rare in this layer, except for Polar Stratospheric
Clouds (PSCs) that can form in the lower stratosphere near the poles when temperatures fall below
-78°C. The altitude of the stratosphere varies depending on location. The stratosphere starts at
around 18 km near the equator, but at mid-latitudes, it begins between 10 and 13 km. It extends up
to 50 km in altitude. At the poles, the stratosphere’s lower boundary is about 8 km, compared to
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roughly 18 km at the equator. Due to the lack of vertical convection in the stratosphere, substances
can linger there for considerable periods. The air in the stratosphere is about a thousand times
less dense than at sea level, making it an optimal altitude for jet aircraft and weather balloons.
The temperature in the stratosphere increases with altitude, resulting in diminished turbulence and
updraft, or air movement perpendicular to the ground. The stratosphere’s unique characteristics
significantly influence the communication capabilities of platforms operating within it. Therefore,
understanding these properties is vital for this thesis, which investigates communication between
stratospheric platforms and the potential impact on communication systems
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Figure 2.2.: Characteristics of the Earth’s atmosphere and the stratosphere.

Figure 2.2 highlights the characteristics of the Earth’s atmosphere, particularly the stratosphere.
High-altitude platforms (HAPs) are positioned well above cloud level, ensuring that changing
weather conditions do not interfere with communication links. However, the minimum graze
height for any inter-HAP link must consider local climatic conditions like tropopause height. As
referenced in [5], a graze height of 13 km is deemed an acceptable limit for mid-latitude inter-HAP
links.

Atmospheric wind speed varies based on season, geographic location, and temperature gradient.
The highest wind speeds are found at approximately 12 km, 70 km, and 100 km altitudes. However,
between altitudes of 20 km and 90 km, air masses remain relatively stable and predictable, with
very slow winds. According to [13], most stationary stratospheric platforms are positioned at
a height of around 20 km. Figure 4 in [13] indicates that the optimal altitude range for these
platforms is between 19 and 25 kilometers, with slightly higher wind speeds observed between 17
and 19 km. Above 25 km altitude, wind speeds typically increase up to 70 km, then decrease from
70 km to 90 km.
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2.3. Inter-HAP Scenarios

This section presents an overview of the inter-HAP scenarios and their respective geometries ex-
amined in this thesis. The goal of this research was to investigate the impact of various atmospheric
and geometric parameters by analyzing scenarios with different HAP heights and link distances.
A typical inter-HAP bidirectional link geometry is depicted in Figure 2.3, featuring two link dis-
tances (L) of 150 km and 900 km, each associated with specific HAP heights (H},,;,) and a graze
height (G). The cloud ceiling sets the graze height (Gy,), representing the lowest height of the
optical link above the Earth’s surface. In all scenarios, we stipulate a graze height (Gj) of 18 km,
where the highest level of turbulence is observed [5].

L = 900km

<> — — "4
3 A L= 150k : »
@ Bi-directional @ .......... m@ Bi-directional =
FSO Link i i FSO Link
Hhap h Hisp Stratosphere .
18km
18.44km ) 18.44km
Hhap 4 : B Hhap

33.82km [ / 33.82km

q
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Figure 2.3.: Illustration of the bi-directional inter-HAP FSO link geometry at the stratosphere
(distances not to scale).

In Table 2.1, we detail various bidirectional inter-HAP scenarios, considering eight link distances
for HAPs situated at H,,,. We maintain a single graze height (Gj,) across all scenarios. The term
tror denotes the time-of-flight (ToF) or propagation delay for the various link distances. These
scenarios were selected for further scrutiny. We set the graze height at 18 km, the elevation of
maximum turbulence above the Earth’s surface, and adjusted the HAP heights to achieve different
link distances. By varying the inter-HAP link distance, we could study the influence of the at-
mosphere and reciprocity on FSO links. Additionally, the scenarios were chosen to accommodate
different potential times of flight, allowing us to examine the delay effects of the CSIs on HARQ
performances. The speed of the channel in the proposed scenarios was also varied according to
different stratospheric wind speeds (v), which impacts the channel’s correlation time (7y), thereby
influencing the performance of the HARQ schemes discussed in Chapter 6.
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Link Time of Graze HAP Height
Distance Flight Height? Hygp
L ttor Gh (km)

(km) (ms) (km)

150 0.5 18.44
200 0.66 18.78
300 1 19.76
450 1.33 18 21.96
600 2 25.09
700 2.33 25.57
800 2.66 30.51
900 3 33.82

Table 2.1.: Overview of inter-HAP scenarios.

Note: ? Graze height (Gy,) is the minimum height of the optical link above the Earth’s surface,
where turbulence is at its maximum.

2.4. Optical Turbulence Profile

An optical turbulence profile provides insights into how turbulence in the Earth’s atmosphere af-
fects optical signal propagation, which is crucial for atmospheric optics and free-space optical
(FSO) communication [43, 4]. It typically includes the variation of the refractive index structure
constant (C2) with altitude. This profile helps us understand how atmospheric turbulence changes
with altitude, leading to phenomena like scintillation and beam wander. These changes can sig-
nificantly impact the quality of optical communication links over large distances. The design and
optimization of FSO systems heavily rely on these turbulence profiles, as they illuminate how
turbulence changes with altitude and influences signal quality and transmission under various at-
mospheric conditions.

The refractive-index structure parameter C2, expressed in m~2/3 units, is widely used to quantify
atmospheric turbulence by indicating the degree of refractive-index fluctuations [4, 2, 44]. Varia-
tions in C2 along the propagation path are significant, prompting numerous researchers to predict
its behavior. Although several models exist, they are often based on site-specific experimental
data, limiting their broader applicability. Models for calculating C2 can be empirical, theoretical,
analytical, or numerical, each requiring different input parameters. As noted in [#2005_Andrews],
C? can be treated as "constant" along a horizontal path but varies along a slant path due to chang-
ing temperature gradients, air pressure, and density at different altitudes. The intensity of these
fluctuations relates to the temperature structure function, as discussed in [43, 4]:
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2 6P\ o ~2/3
= (19105 ) GG @.1)

C% temperature structure parameter (deg”/ m2/3)
P atmospheric pressure (bars)

T  temperature (kelvin)

The refractive index structure parameter C% is determined by measuring the mean square temper-
ature between two points at a specific distance along the propagation path, as outlined in [43, 4].
Eq. (2.1) illustrates that the refractive index structure parameter can be calculated by measuring
the pressure, temperature, and spatial temperature fluctuations along the optical link’s propagation
path.

2.4.1. Hufnagel-Valley (H-V) Model

The altitude profile for this parameter, C2, is determined using the Hufnagel-Valley (H-V) model
as described in [4]:

2 W210-5,110 —h -16 h h -2/3
=0. 4-(—=)"(1 ——)+2.7-1 ———)+A -
C;(h) =0.0059 (27) (10™>h) exp(looo)—i— 7-10" Pexp( 1500)—|— exp( 100> [m(2 21

h  altitude of the link (m)
w  RMS wind speed from 5 km to 20 km altitude (m/s)
A value of C2at h=0 (m~%/3)

For our calculations, we employ the H-V model with w = 21m/s and A = 1.7 - 10~ 42/ 3 a
configuration often referred to as the HVs/; model [4].

It’s crucial to distinguish between RMS wind speed and link orthogonal wind speed (v). The
orthogonal wind speed solely considers the wind component that is perpendicular to the optical
path. However, the RMS wind speed takes into account wind variations throughout the entire
optical path, offering a more all-encompassing perspective on wind-induced turbulence and its
influence on FSO link performance. Represented by w and stated in meters per second, RMS
(Root Mean Square) wind speed is provided as per [4]:

20-10° 172

1
W= |50 / V3 (h)dh [m/s] (2.3)
5-103




14 Chapter 2

where Vp(h) is derived from the Bufton wind model as referenced in [4, 45], specified as follows:

h—9400
Ve(h) = wsh+ vy + 30exp [—L}

e Q4

ve  ground wind speed (m/s)
h  altitude (m)
ws  slew rate of the optical beam (m/s) (angular velocity of the

laser beam derived from the HAP moving speed)

The refractive-index structure parameter C2-profiles are depicted in Figure 2.4, which are calcu-
lated using Eq. (2.2). The C2-profiles displayed in Figure 2.4 (a) for various inter-HAP link dis-
tances L along the propagation path z of the FSO link. These correspond to the scenarios described
in Table 2.1. The peak value of C? is found in the middle of the inter-HAP link path, and the mean
value of the C2-profile increases with link distance. These C2-profiles in Figure 2.4 (b) and Fig-
ure 2.4 (c) illustrate the intensity of refractive index fluctuations in the altitude range of interest,
between 16 and 22 km. The profiles are derived based on RMS wind speeds of w = 10m /s (repre-
senting the best case of C,%) andw = 30m/s (representing the worst case of C%), with the tropopause
at 13 km and the maximum stratosphere altitude at 26 km. The figures highlight a significant dis-
crepancy between the best and worst case C> profiles. The C2-profile along the inter-HAP link
distance L is illustrated in Figure 2.4 (c). It indicates that at a graze height of 13 km, the highest
turbulence is noticed at the link’s center.
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(a) C2-profile along the
propagation path (z) for
varying link distances (L).

(b) C2-profile across varying
altitudes (k).

(¢) C2-profile for the link
distance (L) between HAPs,

with a minimum graze height
of 13 km.

Figure 2.4.: Analyzing turbulence strength (C2) through the H-V Model.

Note: In the Best and Worst-case scenarios for C2, the RMS wind speed (w) is 10m/s and 30m/s

respectively.



16 Chapter 2

2.4.2. Walters and Kunkel Model

The first step in evaluating the effect of turbulence on FSO links involves calculating the C2-
profile based on altitude. The Hufnagel-Valley (HV) model [4], which scales the atmospheric IRT
structure function, is the most prevalent method for this computation. However, this model falls
short in validating reciprocity measurements in near-ground horizontal paths that range from a
few meters to approximately 250 meters above ground level. In a bidirectional turbulent channel,
channel reciprocity suggests that received powers at the transmitter and receiver ends are somewhat
correlated [46, 47, 40].

To validate channel reciprocity for bidirectional horizontal links and extend its applicability to
inter-HAP FSO links, we conducted an experiment on a 62.86 km turbulent FSO bi-directional
link. The experiment is elaborated in Section 6.1. For our numerical simulations, we employ the
Walters and Kunkel model [48], which is described as follows:

h _
C2(h) = Cﬁ(ho)(i)p, hy>hy,  [m 23 (2.5)
ho reference height above ground (m)
hr height profile above ground ()

C2(hg) reference refractive index structure value at /g (m=2/3)

p power law parameter varies from 4/3 during the daytime

to 2/3 for measurements between sunset and sunrise (unitless)

2.5. Modeling Scintillation Index: Weak Fluctutation
Regime

In this chapter, we explore the scintillation index, a crucial factor in determining the performance
of our laser HAP communication systems. The expressions developed here are limited to weak
irradiance fluctuation regimes, for which the Rytov method is applicable. In such cases, the scin-
tillation index is directly linked to the log-amplitude variance. According to [43, 4], traditional
approaches to optical wave propagation primarily rely on uniform plane wave and spherical wave
models. However, these simple wave models neglect various effects attributable to the finite size
of a beam wave, along with its diverging and focusing capabilities. We employ the lowest-order
Gaussian-beam wave as our basic wave model, typical of a single transverse electromagnetic wave
(TEMyp) originating from a laser. By establishing theory for a beam wave, we can easily derive
classical results related to infinite plane wave and spherical wave models. As per [4], the spherical
wave model is utilized for a small-aperture source or a source with a large divergence angle. For
inter-HAP FSO links, we use the spherical wave model approximation to determine the scintilla-
tion index. To account for the effects of static pointing error, we align the wave with the Gaussian
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wave model. Since we only consider a static pointing error (G;,s) on top of atmospheric fading
impacts, we do not model the scintillation approximation for a Gaussian beam.

Scintillation, or variations in irradiance or intensity, occurs when an optical wave travels through
the atmosphere, even on short propagation paths. Almost entirely, atmospheric temperature vari-
ations of a small magnitude produce oscillations in the index of refraction, or optical turbulence,
which is the cause of scintillation. The Scintillation Index (SI), also known as the normalized
variance of irradiance fluctuations, is the central focus of both theoretical and experimental inves-
tigations in the study of irradiance fluctuations given by [43, 4]:

LB

e [unitless] (2.6)

I irradiance (intensity) of the optical wave

() ensemble average (sample mean)

The Rytov variance can be used to quantify the severity of intensity scintillation caused by at-
mospheric turbulence. In the case of weak fluctuations, it represents the normalized irradiance
variance, or scintillation index, of an unbounded plane wave. When extended to strong fluctua-
tion regimes by increasing either C2 or the propagation distance L, or both [43], it is considered a
measure of optical turbulence strength.

SI is proportional to the plane wave Rytov variance GI% in the weak turbulence condition, and it is
defined for a constant C,%—proﬁle as shown in [4]

11
6

1
67 ~ 05 =123Ck°L [unitless] (2.7)

C,% refractive index structure constant (m_z/ 3)
k  optical wave number (m™ 1

L  propagation path length (m)

The turbulence strength shall be classified as weak, moderate or strong. According to [4] weak
fluctuations are associated with 0'1% < 1, moderate fluctuations with 0'1% ~ 1 and strong fluctuations
with 63 > 1 and the so called saturation regime is defined when 03 — oo.

Scintillations occur mainly due to small-scale inhomogeneities, roughly equivalent to the dimen-
sions of the Fresnel zone!. The inner scale effects are insignificant when the inner scale is sig-
nificantly smaller than the Fresnel zone’s size. However, when the inner scale (smallest eddies or

!Fresnel zone named for physicist Augustin-Jean Fresnel. It is one of a (theoretically infinite) number of concentric
ellipsoids that defines volumes in the radiation pattern of a (usually) circular aperture [49].
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turbulent structures that occur within the boundary layer of the atmosphere) and the Fresnel zone
are of similar size, an increase in scintillations is observed, as seen in