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Summary

Ever since data has been created and stored, communicating it has been of primary
importance for the progress and growth of the modern society we live in today. As the
amount of generated and stored data has increased, so has the need to transmit it at
higher data rates. Furthermore, as the information shared through these communica-
tion channels has become more sensitive, the risk of security breaches has also become
a major concern. Driven by these needs, optical and quantum communications present
promising solutions to address these challenges. The higher bandwidth available in the
optical electromagnetic spectrum, compared to the radiofrequency spectrum, can be
exploited to achieve higher data rates. Although fiber-optic communication is widely
used and reliable, losses in the fiber, along with the need for extensive infrastructure
to deploy and operate it, make free-space optical and quantum communications an at-
tractive alternative for bridging large distances. In particular, satellite-based optical
communication links could provide a global high-throughput network capable of meet-
ing the connectivity demands of the modern era. Regarding the security requirements
mentioned above, the narrow beams produced by lasers in this regime are difficult to
intercept, thereby providing an initial layer of physical security. On top of this secu-
rity layer, by exploiting the principles of quantum mechanics, quantum communication
channels can be developed to generate quantum keys which, unlike current encryption
techniques, are secure against attacks from future quantum computers. Furthermore,
these quantum communication channels could be used for additional purposes in the
future, such as connecting remote quantum computers to enhance their individual
capabilities.

However, in order to build such a global optical and quantum network based on
satellite terminals orbiting the Earth or navigating through deep space, it is necessary
to overcome several challenges arising from the harsh space environment. Satellites
are subjected to extreme and periodic thermo-mechanical loads, which cause the per-
formance of onboard optical systems to deviate from their ideal operation. Specifi-
cally, the optical components in satellite-based optical and quantum communication
terminals are affected by optical aberrations, misalignment, and stress-induced bire-
fringence. These effects, together with onboard microvibrations that cannot be fully
mitigated by the attitude control system and the pointing optical mechanisms, influ-

xiii



xiv Summary

ence the pointing of transmitted and received optical and quantum beams in a complex
manner. The stochastic nature of the pointing jitter induced by these microvibrations,
combined with changes in laser beam propagation caused by optical aberrations, mod-
ulates the power received at the detector and, consequently, affects the overall per-
formance of the optical and quantum communication system. At present, it is not
well understood or quantitatively characterized how these phenomena jointly impact
system performance, nor what strategies can be employed to mitigate their effects. To
address this gap, and to enable the reliable deployment of future optical and quan-
tum communication terminals, this thesis aims to identify, model, and mitigate the
effects of opto-thermo-mechanical phenomena in satellite-based optical and quantum
communication systems.

This thesis first provides an overview of the opto-thermo-mechanical phenomena
occurring in satellite-based optical and quantum communication systems (§3 and §4 for
optical and quantum systems, respectively). To understand how pointing jitter and
optical aberrations interact and affect channel performance, a mathematical model
is developed. This model combines a stochastic description of pointing jitter with an
optical Fourier propagation framework to quantify their joint effects in an intersatellite
optical communication link (see §6). The results show that coma aberrations have the
most significant impact on system performance compared to other types of aberrations.
Furthermore, the developed model enables the evaluation of several communication
performance metrics while accounting for the combined effects of both Seidel and
higher-order optical aberrations.

To evaluate the entanglement rates that quantum communication channels can
achieve under realistic conditions, §7 and §8 model the propagation of single-photon
beams under finite aperture sizes and realistic pointing jitter conditions. Further-
more, these chapters incorporate additional effects arising from imperfect quantum
hardware, such as multi-photon events and dark counts. In §7, a model of a satellite
constellation equipped with onboard quantum memories for entanglement distribution
across intercontinental distances is proposed. This model defines the system require-
ments and evaluates the corresponding performance of the quantum communication
link. It is shown that, to achieve a rate of 100 entangled pairs per second between
ground stations over intercontinental distances, approximately ∼ 500 memory modes
are required. Building on this framework, §8 presents an analysis of satellite-assisted
entanglement-based quantum key distribution at a national scale. This chapter pro-
poses an optimization of the photon transmission channel by considering the coupled
effects of pointing jitter and the finite size of the transmitter aperture onboard the
satellite. By comparing the achievable key rates, this model provides an evaluation
of the requirements for spaceborne entangled photon sources to meet the demands of
various use cases.

Although understanding and modeling the effects of stochastic pointing jitter is es-
sential for the development of these technologies, it is not sufficient. Part III proposes
a novel method to mitigate the impact of residual pointing jitter in satellite terminals.
By shaping the transmitted beam, beyond the fundamental Gaussian mode, it is shown
that the performance of intersatellite optical communication links can be significantly
improved. First, §9 proposes the superposition of orthogonally polarized Laguerre-
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Gaussian beams to generate beam shapes that outperform the conventional Gaussian
beam. Numerical results demonstrate that this approach can achieve power savings of
up to 40% while maintaining the same communication performance. In §10, the opti-
cal system proposed in §9 is experimentally realized to shape the far-field irradiance of
the transmitted beam. By using a spiral phase plate, higher-order annular beams are
generated and superposed with the fundamental Gaussian mode. Although both ex-
perimental results and analytical derivations show that pure Laguerre-Gaussian beams
cannot be achieved with the proposed setup, the resulting beam profiles still outper-
form the fundamental Gaussian mode. Furthermore, the gains obtained through beam
shaping are shown to outweigh the additional losses introduced by the extra optical
components, compared to a conventional Gaussian beam. Extending the concept of
mitigating pointing jitter through beam shaping, §11 introduces a variational method
to determine the optimal far-field irradiance profile. This method shows that the
optimal distribution resembles a flat-top beam, capable of providing power savings
exceeding 60%. To assess how closely this ideal profile can be approximated, both
incoherent superpositions of Laguerre-Gaussian and Hermite-Gaussian modes are in-
vestigated. Additionally, a coherent beam-shaping technique is numerically evaluated,
where a fundamental Gaussian beam is transformed into a higher-order super-Gaussian
profile using an iteratively designed phase mask. These incoherent and coherent ap-
proaches are shown to achieve power savings of up to 47% and 50%, respectively.

In this way, this thesis aims to provide a deeper understanding of how various
phenomena affecting satellite-based optical and quantum communication systems in-
fluence their performance, as well as how these effects can be mitigated. By building
upon previous research, this thesis seeks to serve as an additional step for future devel-
opments in optical and quantum communications, contributing to a more connected
and secure world.





Samenvatting

Sinds data wordt gecreëerd en opgeslagen, is het communiceren ervan van primair
belang geweest voor de vooruitgang en groei van de moderne samenleving waarin wij
vandaag leven. Naarmate de hoeveelheid gegenereerde en opgeslagen data is toege-
nomen, is ook de behoefte gegroeid om deze met hogere datasnelheden te verzenden.
Bovendien, aangezien de informatie die via deze communicatiekanalen wordt gedeeld
steeds gevoeliger is geworden, is het risico op beveiligingslekken eveneens een belangrijk
aandachtspunt geworden. Gedreven door deze behoeften vormen optische en kwan-
tumcommunicatie veelbelovende oplossingen om deze uitdagingen aan te pakken. De
hogere bandbreedte die beschikbaar is in het optische elektromagnetische spectrum,
in vergelijking met het radiofrequente spectrum, kan worden benut om hogere data-
snelheden te bereiken. Hoewel glasvezelcommunicatie wijdverbreid en betrouwbaar is,
maken verliezen in de vezel, samen met de noodzaak van uitgebreide infrastructuur
om deze te implementeren en te exploiteren, vrije-ruimte optische en kwantumcom-
municatie een aantrekkelijk alternatief voor het overbruggen van grote afstanden. In
het bijzonder zouden satellietgebaseerde optische communicatielinks een wereldwijd
netwerk met hoge doorvoer kunnen bieden dat voldoet aan de connectiviteitsbehoef-
ten van het moderne tijdperk. Wat betreft de eerder genoemde beveiligingseisen zijn
de smalle bundels die door lasers in dit regime worden geproduceerd moeilijk te on-
derscheppen, en bieden zij daarmee een eerste fysieke beveiligingslaag. Bovenop deze
beveiligingslaag kunnen, door gebruik te maken van de principes van de kwantumme-
chanica, kwantumcommunicatiekanalen worden ontwikkeld die kwantumsleutels gene-
reren die, in tegenstelling tot huidige encryptietechnieken, bestand zijn tegen aanvallen
van toekomstige kwantumcomputers. Bovendien kunnen deze kwantumcommunicatie-
kanalen in de toekomst ook voor aanvullende toepassingen worden gebruikt, zoals het
verbinden van op afstand gelegen kwantumcomputers om hun individuele capaciteiten
te vergroten.

Om echter een dergelijk wereldwijd optisch en kwantumnetwerk te bouwen op basis
van satellietterminals die om de aarde draaien of zich door de diepe ruimte bewegen,
is het noodzakelijk om verschillende uitdagingen te overwinnen die voortkomen uit
de zware ruimteomgeving. Satellieten worden blootgesteld aan extreme en periodieke
thermo-mechanische belastingen, die ervoor zorgen dat de prestaties van optische sys-
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temen aan boord afwijken van hun ideale werking. In het bijzonder worden de opti-
sche componenten in satellietgebaseerde optische en kwantumcommunicatieterminals
beïnvloed door optische aberraties, uitlijningfouten en spanningsgeïnduceerde dubbel-
breking. Deze effecten, samen met microtrillingen aan boord die niet volledig kunnen
worden gecompenseerd door het standregelsysteem en de richtmechanismen, beïnvloe-
den de uitlijning van uitgezonden en ontvangen optische en kwantumbundels op een
complexe manier. Het stochastische karakter van de richtingsfluctuaties veroorzaakt
door deze microtrillingen, gecombineerd met veranderingen in de voortplanting van
de laserbundel als gevolg van optische aberraties, moduleert het vermogen dat door
de detector wordt ontvangen en beïnvloedt daarmee de algehele prestaties van het
optische en kwantumcommunicatiesysteem. Momenteel is het niet goed begrepen of
kwantitatief gekarakteriseerd hoe deze fenomenen gezamenlijk de systeemprestaties
beïnvloeden, noch welke strategieën kunnen worden toegepast om hun effecten te be-
perken. Om deze kenniskloof te dichten en de betrouwbare inzet van toekomstige op-
tische en kwantumcommunicatieterminals mogelijk te maken, heeft deze proefschrift
tot doel de effecten van opto-thermo-mechanische fenomenen in satellietgebaseerde
optische en kwantumcommunicatiesystemen te identificeren, modelleren en mitigeren.

Deze proefschrift geeft eerst een overzicht van de opto-thermo-mechanische feno-
menen die optreden in satellietgebaseerde optische en kwantumcommunicatiesyste-
men (§3 en §4 voor respectievelijk optische en kwantumsystemen). Om te begrijpen
hoe richtingsfluctuaties en optische aberraties met elkaar interageren en de kanaal-
prestaties beïnvloeden, wordt een wiskundig model ontwikkeld. Dit model combi-
neert een stochastische beschrijving van richtingsfluctuaties met een optisch Fourier-
voortplantingskader om hun gezamenlijke effecten in een intersatelliet optische com-
municatielink te kwantificeren (zie §6). De resultaten tonen aan dat coma-aberraties
de meest significante impact hebben op de systeemprestaties in vergelijking met an-
dere soorten aberraties. Bovendien maakt het ontwikkelde model het mogelijk om
verschillende communicatieprestatieparameters te evalueren, waarbij rekening wordt
gehouden met de gecombineerde effecten van zowel Seidel- als hogere-orde optische
aberraties.

Om de verstrengelingssnelheden te evalueren die kwantumcommunicatiekanalen
onder realistische omstandigheden kunnen bereiken, introduceren §7 en §8 het modelle-
ren van de voortplanting van enkel-fotonbundels onder eindige apertuurgroottes en rea-
listische richtingsfluctuaties. Daarnaast nemen deze hoofdstukken aanvullende effecten
mee die voortkomen uit imperfecte kwantumhardware, zoals multi-fotongebeurtenissen
en donkertellingen. In §7 wordt een model voorgesteld van een satellietconstellatie uit-
gerust met kwantumgeheugens aan boord voor de distributie van verstrengeling over
intercontinentale afstanden. Dit model definieert de systeemeisen en evalueert de bij-
behorende prestaties van de kwantumcommunicatielink. Er wordt aangetoond dat,
om een snelheid van 100 verstrengelde paren per seconde tussen grondstations over
intercontinentale afstanden te bereiken, ongeveer ∼ 500 geheugensmodi vereist zijn.
Voortbouwend op dit kader presenteert §8 een analyse van satellietgeassisteerde, op
verstrengeling gebaseerde kwantumsleuteldistributie op nationaal niveau. Dit hoofd-
stuk stelt een optimalisatie van het fotontransmissiekanaal voor door rekening te hou-
den met de gekoppelde effecten van richtingsfluctuaties en de eindige grootte van de
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zendapertuur aan boord van de satelliet. Door de haalbare sleutelsnelheden te verge-
lijken, biedt dit model een evaluatie van de vereisten voor ruimtegebaseerde bronnen
van verstrengelde fotonen om te voldoen aan de eisen van verschillende toepassingen.

Hoewel het begrijpen en modelleren van de effecten van stochastische richtingsfluc-
tuaties essentieel is voor de ontwikkeling van deze technologieën, is dit niet voldoende.
Deel III stelt een nieuwe methode voor om de impact van resterende richtingsfluctua-
ties in satellietterminals te mitigeren. Door de uitgezonden bundel te vormen, voorbij
de fundamentele Gaussische modus, wordt aangetoond dat de prestaties van intersa-
telliet optische communicatielinks aanzienlijk kunnen worden verbeterd. Ten eerste
stelt §9 de superpositie van orthogonaal gepolariseerde Laguerre-Gauss-bundels voor
om bundelvormen te genereren die beter presteren dan de conventionele Gaussische
bundel. Numerieke resultaten tonen aan dat deze aanpak vermogensbesparingen tot
40% kan opleveren bij behoud van dezelfde communicatieprestaties. In §10 wordt het
optische systeem voorgesteld in §9 experimenteel gerealiseerd om de verre-veld inten-
siteitsverdeling van de uitgezonden bundel te vormen. Door gebruik te maken van
een spiraalfaseplaat worden hogere-orde annulaire bundels gegenereerd en gesuperpo-
neerd met de fundamentele Gaussische modus. Hoewel zowel experimentele resultaten
als analytische afleidingen aantonen dat zuivere Laguerre-Gauss-bundels niet kunnen
worden verkregen met de voorgestelde opstelling, presteren de verkregen bundelpro-
fielen nog steeds beter dan de fundamentele Gaussische modus. Bovendien blijkt dat
de winst die wordt verkregen door bundelvorming groter is dan de extra verliezen die
worden geïntroduceerd door de extra optische componenten, vergeleken met een con-
ventionele Gaussische bundel. Voortbouwend op het idee om richtingsfluctuaties te
mitigeren door middel van bundelvorming, introduceert §11 een variatiemethode om
het optimale verre-veld intensiteitsprofiel te bepalen. Deze methode toont aan dat de
optimale verdeling lijkt op een flat-top bundel, die vermogensbesparingen van meer
dan 60% kan opleveren. Om te beoordelen hoe dicht dit ideale profiel kan worden
benaderd, worden zowel incoherente superposities van Laguerre-Gauss- en Hermite-
Gauss-modi onderzocht. Daarnaast wordt een coherente bundelvormtechniek nume-
riek geëvalueerd, waarbij een fundamentele Gaussische bundel wordt omgevormd tot
een hogere-orde super-Gaussisch profiel met behulp van een iteratief ontworpen fase-
masker. Deze incoherente en coherente benaderingen blijken vermogensbesparingen
tot respectievelijk 47% en 50% te kunnen realiseren.

Dit werk heeft tot doel een dieper inzicht te verschaffen in hoe verschillende fe-
nomenen die optreden in satellietgebaseerde optische en kwantumcommunicatiesyste-
men hun prestaties beïnvloeden, evenals hoe deze effecten kunnen worden gemitigeerd.
Door voort te bouwen op eerder onderzoek, beoogt deze proefschrift een aanvullende
stap te zijn voor toekomstige ontwikkelingen in optische en kwantumcommunicatie,
en zo bij te dragen aan een meer verbonden en veilige wereld.
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Chapter 1

Introduction

There must be no barriers to freedom of inquiry.

Robert Oppenheimer

3



4 1. Introduction

T he act of transferring information lies at the heart of all communication systems,
whether natural or engineered. At its most fundamental, information can be

conveyed through variations in physical quantities that can be controlled by a sender
and detected by a receiver. Over the course of history, various physical carriers –
such as mechanical vibrations, electrical signals, and electromagnetic waves– have
been exploited to serve this purpose. Among these carriers, light plays a particularly
intriguing and increasingly important role due to its unique properties in both classical
and quantum regimes.

In the natural world, one of the earliest and most evolutionarily successful methods
for conveying information between animals has been sound. Many animals, includ-
ing humans, use acoustic waves to encode and decode information. Sound propagates
through a medium, usually air or water, by mechanical vibrations, and has long served
as a reliable and biologically feasible way to share information over short distances
[1]. With the development of human societies and technology, however, the demand
for faster, longer-range, and more reliable means of communication led to innovations
that extended far beyond acoustic signaling. The advent of electrical communication
in the 19th century marked a significant technological leap. The invention of the
telegraph, followed by Alexander Graham Bell’s telephone, enabled information to
be transmitted over long distances using conductive wires. These systems modulated
electrical currents to represent bits of information –typically binary on-off patterns–
paving the way for modern digital communication. Parallel to these developments,
wireless communication emerged as a new paradigm. Initially relying on the radiofre-
quency spectrum of electromagnetic waves, wireless systems enabled information to
be transmitted without the need for a physical medium. The first successful demon-
stration of wireless telegraphy by Popov, Marconi, and others in the late 19th century
exploited the properties of electromagnetic waves to carry Morse code signals through
the air [2]. This breakthrough introduced humanity to a new era of long-distance
communication, laying the foundation for modern wireless technologies such as radio,
television, and eventually mobile networks.

Among the various spectral ranges of electromagnetic radiation, light –encompassing
visible, infrared, and ultraviolet wavelengths– occupies a special position. Its high fre-
quency makes it well-suited for carrying information at high rates. Moreover, as both
a wave and a particle, light offers unique capabilities for communication that span
both classical and quantum domains. From fiber optics that underpins the modern
internet to the emerging fields of free-space optical and quantum communication, light
continues to redefine the limits of what is possible in information transfer.

The higher carrier frequency of optical electromagnetic waves, compared to those in
the radiofrequency spectrum, enables significantly higher modulation bandwidths for
encoding information. This property directly supports the increasing demand for high
data rates in modern communication systems. While optical fiber networks exploit this
advantage and form the backbone of today’s internet infrastructure, free-space optical
communication offers complementary benefits. In particular, it enables connectivity
over large distances without the need for extensive physical infrastructure, making
it especially attractive for remote or hard-to-access regions. Additionally, free-space
optical systems typically experience lower channel loss and provide an inherent level of
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physical security, as the interception of the narrow laser beams becomes considerably
more challenging than in radiofrequency-based systems.

Beyond classical optical communication, further advantages can be realized by
harnessing the principles of quantum mechanics. Quantum communication leverages
uniquely quantum phenomena –such as superposition and entanglement– to enable
fundamentally new modes of information transfer. One of the most prominent appli-
cations is quantum cryptography, where protocols such as quantum key distribution
offer provable security based on the laws of quantum mechanics. This represents
a significant advancement over classical cryptographic schemes, which may become
vulnerable with the advent of powerful quantum computers. In addition to secure
communication, quantum information networks hold promise for a broader range of
applications, including distributed quantum computing and enhanced sensing capa-
bilities, thereby extending the role of communication systems into new technological
domains.

To fully realize the potential of both optical and quantum communication tech-
nologies, it is necessary to establish networks on a global scale. Bridging such vast dis-
tances poses significant challenges. Fiber-based infrastructure, while useful over short
terrestrial links, becomes increasingly costly and lossy over intercontinental spans.
These limitations motivate the exploration of alternative approaches. In this context,
satellite-based free-space optical links emerge as a compelling solution, offering the ca-
pability to connect distant nodes across the globe with reduced loss and infrastructure
requirements. This paradigm forms the central focus of this thesis: the development
and analysis of satellite free-space optical and quantum communication systems.

1.1. Optical and quantum communications in space
Spaceborne platforms enable a range of free-space optical and quantum communication
links, including space-to-ground, intersatellite, and deep-space connections. Each of
these link configurations imposes distinct requirements on the communication system,
driven by factors such as propagation distance, relative motion, and environmental
disturbances. The realization of such space-based optical and quantum links requires
systems capable of operating reliably under the unique conditions of the space envi-
ronment. This motivates a detailed analysis of the physical limitations affecting link
performance, as well as the development of techniques to mitigate their impact.

1.1.1. The problem: Opto-thermo-mechanical phenomena

The space environment poses significant challenges to the operation of optical com-
munication systems. Satellites are exposed to a range of perturbations, including
radiation from energetic particles, impacts from micrometeoroids, and large temper-
ature fluctuations induced by orbital dynamics. These factors impose stringent re-
quirements on the design and reliability of onboard systems. For free-space optical
and quantum links, microvibrations and thermo-mechanical deformations are among
the most critical disturbances. Microvibrations, originating from onboard subsystems
such as reaction wheels or mechanical actuators, induce stochastic deviations in the
pointing direction of the transmitted beam. This so-called pointing jitter leads to fluc-
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tuations in the received optical power –or, in the quantum regime, in the probability
of photon detection– thereby degrading link performance.

In addition, thermo-mechanical loads can deform optical components, giving rise
to a range of opto-thermo-mechanical effects. These include distortions of the opti-
cal wavefront and alterations of the polarization state of the transmitted beam. In
contrast to imaging systems, where performance is typically quantified in terms of an-
gular resolution, the power-transfer efficiency and stability of the optical field are the
primary figures of merit in communication systems. Consequently, accurate charac-
terization of pointing jitter and wavefront errors is essential for defining performance
limits and system requirements for future space missions.

1.1.2. The solution: Beam shaping

In parallel with the characterization of these perturbations, it is crucial to develop
strategies to mitigate their impact on system performance. Conventional approaches
rely on a combination of coarse and fine pointing mechanisms to compensate for beam
misalignment. While these systems can significantly reduce pointing errors, practical
limitations in sensing, control, and actuation result in residual jitter that cannot be
fully eliminated. On the transmitter side, a common mitigation strategy consists of
adjusting the divergence of a Gaussian beam to reduce sensitivity to pointing errors.
By considering alternative, non-Gaussian beam shapes, it is possible to study whether
improved robustness against pointing jitter can be achieved in long-distance classical
communication links.

1.2. Scope of the thesis and research questions

To overcome the challenges imposed by the space environment in optical and quan-
tum communications described above, this thesis aims to answer the following main
research question:

How can opto-thermo-mechanical perturbations in spaceborne optical
and quantum communication terminals be modelled, and how can

their impact on communication performance be mitigated?

To address the main research question, a divide and conquer approach is employed,
whereby three subquestions are considered independently:
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1. Which opto-thermo-mechanical phenomena perturb spaceborne
optical and quantum communication terminals?

2. How can these phenomena be modelled within a unified math-
ematical framework that quantifies their impact on the perfor-
mance of optical and quantum communication?

3. How can beam shaping mitigate the impact of the studied phe-
nomena on optical and quantum communication performance?

The first and second research questions aim to deepen the understanding of the
phenomena that affect spaceborne optical and quantum communication terminals.
The first question focuses on (1) identifying and classifying the relevant opto-thermo-
mechanical phenomena occurring in space, while the second aims to (2) model and
quantify their effects. Finally, the third research question addresses (3) mitigating
these effects by proposing a novel technique based on beam shaping, going beyond the
conventional Gaussian beams most commonly used in optical communication systems.

1.3. Structure of the thesis
To address the research questions posed, this thesis is organized into three main parts.
Part I introduces the fundamental concepts necessary for understanding optical and
quantum communication systems. Chapter 2 revisits the physics of light as an infor-
mation carrier and the theory of information, covering both classical and quantum
perspectives. Chapters 3 and 4 review environmental opto-thermo-mechanical effects
in space-based optical and quantum communication terminals, identifying and char-
acterizing the key phenomena that impact system performance and inform the first
research question.

Part II develops models and analytical tools to quantify the impact of the phe-
nomena identified in Part I. Chapter 5 introduces Fourier-based optical propagation
methods, which are widely used throughout the thesis to analyze truncation effects,
optical aberrations, and beam shaping. In Chapter 6, this optical propagation model
is combined with a stochastic model for pointing-jitter-induced power fluctuations
to evaluate the coupled effect of Seidel aberrations and pointing jitter in satellite
optical communications. Chapters 7 and §8 extend these models to the quantum
domain, enabling the quantification of stochastic photon transmission probabilities
in space-based quantum communication systems. These chapters also account for
hardware imperfections, such as multiphoton emission from entangled-photon sources
and limitations in quantum memories, to assess the performance and capabilities of
satellite-assisted quantum entanglement distribution. Overall, Part II provides accu-
rate modeling frameworks to address the second research question.

Part III focuses on mitigating, through a novel beam shaping technique, one of
the main contributors to power loss in satellite optical communication systems: trans-
mitter pointing jitter. This part proposes the use of non-Gaussian beam shapes to
redistribute the power on the far-field irradiance and reduce the effects of jitter. Chap-
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ter 9 introduces a superposition of orthogonally polarized Gaussian and higher-order
Laguerre–Gaussian modes for far-field beam shaping. Chapter 10 presents an experi-
mental demonstration of this approach, evaluating system feasibility while accounting
for real-world losses on the optical components. Chapter 11 identifies the optimum
far-field irradiance profile for mitigating transmitter pointing jitter using a variational
approach and analyzes both coherent and incoherent optical techniques for approxi-
mating this optimal beam shape.

As customary in any research endeavour, in the process of answering the questions
posed above, this thesis has probably raised more new questions than it has managed
to answer. To guide future researchers, Part IV presents recommendations for further
work, suggesting ways to extend the ideas developed here toward a more secure and
interconnected future in optical and quantum communications.



Chapter 2

Light as an information carrier
Waves and bits, photons and qubits

Science is what you know,
philosophy is what you don’t know.

Bertrand Russell

The objective of this chapter is to introduce some fundamental concepts of light beams
and information theory, which will set the ground for satellite free-space optical and
quantum communications. One of the concepts that is most recurrent throughout this
thesis is that of a light beam. First, the classical interpretation of what a light beam is,
and how it naturally arises from the classical electromagnetic field theory, is presented.
Extending this concept towards the quantum behaviour of light, the quantum field the-
oretical interpretation of what a light beam is follows. Then, a short introduction to
the classical and quantum information theory is given –focusing on some specific ap-
plications that will be covered in later chapters of the thesis. Finally, the potential of
light as both a classical and quantum information carrier is briefly discussed.

9
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2.1. Light beams: waves and photons
The propagation of light through free-space plays a foundational role in both classical
and quantum free-space communication systems. In both cases, the concept of a light
beam is central to system design, modeling, and performance analysis. A rigorous
understanding of what a light beam is and how it behaves requires a proper interpre-
tation of the physical nature of light. As we will see in this and later chapters, the
dual interpretation of what a light beam is, will yield a different interpretation of the
measurables in optical and quantum communication systems.

This section explores the dual nature of light by examining its classical and quan-
tum descriptions. In particular, it addresses how each framework defines and treats
the notion of a light beam, and what implications this has for practical communica-
tion systems. In the classical theory of light, electromagnetic waves are described by
Maxwell’s equations. This framework is essential for understanding the macroscopic
propagation of optical fields, including the influence of diffraction, optical aberrations,
and beam alignment errors, which will be one of the issues addressed in this disserta-
tion. However, classical electromagnetism falls short in explaining phenomena central
to quantum communication –such as entanglement, and the discrete detection events
observed in single-photon detectors. To fully capture these effects, we must turn to
the quantum theory of light, where the electromagnetic field is quantized, and light
is described in terms of quantum states and operators. This quantum mechanical
viewpoint redefines the concept of a light beam at the level of individual photons and
their associated probabilistic behavior.

2.1.1. Classical electromagnetic fields: waves

The nature of light has been one of the most controversial topics throughout the history
of physics [3]. By compiling several laws, James Clerk Maxwell came up with a unified
theory for electric and magnetic phenomena in the second half of the 19th century.
The so-called electromagnetic theory describes light as a coupled phenomenon that
propagates at a finite speed. Maxwell’s equations in the vacuum can be written in the
following differential form

∇ · E(r, t) = 1
ε0
ρ(r, t) (Gauss’s Law), (2.1)

∇ × E(r, t) = −∂B
∂t

(r, t) (Faraday’s Law), (2.2)

∇ · B(r, t) = 0 (Gauss’s Law for magnetism), (2.3)

∇ × B(r, t) = µ0J(r, t) + µ0ε0
∂E
∂t

(r, t) (Ampère-Maxwell Law), (2.4)

where E(r, t) is the electric field, B(r, t) is the density of the magnetic flux, ρ is the
electric charge density, J(r, t) is the current density, ε0 is the permittivity of vacuum,
µ0 is the permeability of vacuum and r and t are the space-time coordinates. To use
the powerful tools of classical field theory, Maxwell’s electromagnetic theory can be
rewritten more adequately in terms of the scalar and vector potentials Φ(r, t) and
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A(r, t).

E(r, t) = −∇Φ(r, t) − ∂A(r, t)
∂t

, B(r, t) = ∇ × A(r, t). (2.5)

After constructing a Lagrangian density for the free electromagnetic field [4, 5],
we can now describe light using the classical field theory [6, 7]. By considering only
the vacuum solutions of the electromagnetic fields and choosing the Coulomb gauge
of the scalar Φ(r, t) and vector A(r, t) potentials, the classical solutions to Maxwell’s
equations can be found to satisfy the following homogeneous wave equation for the
vector potential A(r, t) [5]

∇2A(r, t) − µ0ε0
∂2A
∂t2

(r, t) = 0. (2.6)

The classical solution to the previous homogeneous wave equation is given by

A(r, t) =
∑
ς

∫
d3k
√
ε0

Aς(k) ϵς(k)√
(2π)32ωk

ej(k·r−ωkt) + c.c., (2.7)

where Aς(k) is the amplitude of the mode with wave vector k and polarization ς, the
unit vector ϵς gives the polarization state, and c.c. denotes the complex conjugate of
the previous expression. The complete set of known polarization states (i.e. linear,
elliptical, circular) can be derived by assigning complex values to the components of
the polarization unit vector ϵς . Furthermore, the dispersion relation for the free field
needs to be satisfied

|k|2 − ε0µ0ω
2
k ≡ k2 − ω2

k
c2 = 0. (2.8)

Looking at Eq. (2.7) above, we see that any free-space electromagnetic field can be
expressed as the superposition of the plane waves in free-space, i.e., its Fourier spatial
components.

To further simplify Eq. (2.7) towards finding a description of light beams in the clas-
sical electromagnetic field theory, we will consider the case of monochromatic waves,
i.e. A(r, t) = A(r) exp(−jωkt). Under this condition, the homogeneous wave equation
(Eq. (2.6)) is converted into Helmholtz’s equation

∇2A(r) − k2A(r) = 0. (2.9)

When we talk about a light beam, we think about something propagating in a certain
spatial direction. However, the equation above treats all three dimensions of space on
equal grounds. To obtain beam-like solutions to this equation, we need to introduce
the paraxial approximation. This approximation will be implied on all the optical
propagation techniques used throughout this book, unless specified otherwise. Under
the paraxial approximation, the light is assumed to propagate primarily along a certain
direction. Choosing this direction to be z, we can assume the following form for the
vector potential

A(r) = φ(x, y, z) ejkz, (2.10)
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where φ(x, y, z) is a slowly varying vectorial function of z. Substituting this form
into Helmholtz’s equation and assuming

∣∣∣∂2φ
∂z2

∣∣∣ ≪
∣∣∣k ∂φ

∂z

∣∣∣, we obtain the paraxial wave
equation [8]

∇2
⊥φ + 2jk ∂φ

∂z
= 0. (2.11)

where ⊥ refers to the bidimensional plane perpendicular to the z coordinate. This
equation can be solved by solving the partial differential equation for each of the
transversal components φx and φy of the vector field φ(x, y, z) –the Coulomb gauge
chosen implies that the polarization is transversal to the direction of propagation z [9].
In this way, with the monochromatic and paraxial approximation, Maxwell’s equations
for the vectorial electromagnetic field in vacuum have been converted into a scalar
field equation for each of the transversal components in x and y. With this scalar field
theory, which will be further developed in §5, the solution to the scalar components
φj of the vector field φ can be found. In Cartesian and cylindrical coordinates, these
solutions are given by the Hermite-Gauss and Laguerre-Gauss beams, respectively (see
also Ince-Gaussian beams in elliptical coordinates [10]). By including the temporal
dependence assumed for the monochromatic case before Eq. (2.9) and the factor ejkz
from Eq. (2.10), the families of Hermite-Gaussian and Laguerre-Gaussian beams are
obtained for each of the transversal components Ax, Ay (where A(r, t) = Ax(r, t)x⃗ +
Ay(r, t)y⃗)1

uHG
nm,k(r, t) =Cnm

w(z) Hn

(√
2x

w(z)

)
Hm

(√
2 y

w(z)

)
exp

(
−x2 + y2

w2(z)

)
× exp

(
−jkx

2 + y2

2R(z)

)
exp

[
jψ(z)

]
exp [j(kz − ωkt)] ,

(2.12)

uLG
ℓp,k(r, t) = Cℓp

w(z)

(
r
√

2
w(z)

)|ℓ|

L|ℓ|
p

(
2r2

w2(z)

)
exp
(

− r2

w2(z)

)
× exp

(
−jk r2

2R(z)

)
exp(−jℓϕ) exp

[
jψ(z)

]
exp [j(kz − ωkt)] ,

(2.13)

where the Hermite-Gaussian beams are expressed in Cartesian coordinates and the
Laguerre-Gaussian beams are expressed in cylindrical coordinates. In the previous
equations, Cnm and Cℓp are normalization constants, w0 is the beamwaist radius,
(m,n) and (p, ℓ) are the mode orders of the Hermite-Gaussian and Laguerre-Gaussian
beams, respectively. Hm(x) and L

|ℓ|
p (x), are the Hermite and generalized-Laguerre

polynomials, respectively. The rest of the terms are

w(z) = w0

√
1 +

(
z

zR

)2
(Beamwidth at z), (2.14)

1It can be shown that as a consequence of Eq. (2.5) and Eq. (2.6) the electric and magnetic vector
fields (E and B) fulfill also the Helmholtz equation. Therefore, the paraxial beam solutions obtained
are also applicable to E and B, as well as to the vector potential A.



2.1. Light beams: waves and photons 13

R(z) = z

[
1 +

(
z

zR

)2
]

(Wavefront radius of curvature at z), (2.15)

ψ(z) = (N + 1) arctan
(
z

zR

)
(Gouy phase at z), (2.16)

where zR = πw2
0n/λ is the Rayleigh range, and N = n + m and N = |ℓ| + 2p

for Hermite-Gauss and Laguerre-Gauss beams, respectively. As the basis created by
Hermite-Gauss and Laguerre-Gauss modes (see Fig. 2.1) is complete, orthogonal, and
a solution to the original homogeneous wave equation (Eq. (2.6)), the transversal
components Aj (with j = x, y) of any monochromatic paraxial beam can be expressed
as a superposition of either of the mode families as

Aj(r, t) =
∞∑

n,m=0
anmu

HG
nm,k(r, t) + a∗

nmu
HG,∗
nm,k(r, t), (2.17)

where ∗ represents the complex conjugate. An analogous expansion can be performed
for the Laguerre-Gaussian beam family. In the beam families above derived, we can no-
tice the different properties of light that will be fundamental for the latter application
of optical communications: frequency (represented by ω), polarization (represented by
the vectorial nature of A), amplitude (the magnitude of the complex field) and phase
(the argument of the complex field). The phase determines the spatial structure of the
wavefront and its curvature, and thus plays a central role in how the beam propagates
and diffracts through space. Particularly, the orbital angular momentum (OAM) of
Laguerre-Gaussian beams, represented by the helical phase factor exp(−jℓϕ), is worth
emphasizing as a characteristic property of the spatial phase distribution of this beam
family. The connection between phase and beam propagation is naturally described
within the framework of Fourier optics, which will be explained in §5.

There is a beam of primary relevance in the field of optics, i.e., the Gaussian beam.
The Gaussian beam is the zeroth order of the Hermite-Gauss and Laguerre-Gauss
modes presented before. We will use this beam as an example to illustrate how a
beam can transport energy. Using Poynting’s theorem for electromagnetic waves in
vacuum, the directional energy flow of a free electromagnetic field is given by the
Poynting vector S = (E × B)/µ0. The time-average of the Poynting vector is defined
as the irradiance of the field. For a Gaussian beam, the irradiance is given by

I(r) = ⟨S(r, t)⟩ = |E(r, z)|2
2η0

= I0

(
w0

w(z)

)2
exp

(
−2r2

w(z)2

)
(2.18)

η0 =
√
µ0/ε0 being the impedance of vacuum, and I0 is the peak irradiance of the

Gaussian beam. The irradiance at each point in space gives the time-averaged energy
received by a surface per unit area at that point. Under this classical interpretation, a
beam of light is an electromagnetic wave that carries energy within and is propagated
predominantly in a certain direction (z in this case).

Under the classical electromagnetic field theory approach presented, it can be seen
that light beams appear as monochromatic paraxial solutions of Maxwell’s equations.
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Figure 2.1: Irradiance fields of some example Hermite-Gaussian and Laguerre-
Gaussian modes.

Hence, classically, a light beam is an electromagnetic field (a complex vector field)
propagating predominantly in a certain direction of space. This light beam carries
energy with it, and this can be used to communicate information in a classical sense,
as will be seen in §2.3.

2.1.2. Quantum electromagnetic fields: photons

Shortly after Maxwell and others laid the ground for what seemed to be the ultimate
wave nature of light, early 20th-century physicists started developing the theory of
quantum mechanics. Later on, building upon the framework of classical field theory
and the principle of relativity, quantum field theory was developed. Quantum field
theory is, so far, the most accurate model of light (and matter) that we have. Under
this interpretation of light as a quantum field, the concept of a light beam also arises
in the quantum mechanical context. In this section, we present the concept of a light
beam in the context of quantum field theory. This will be key to understanding what
a light beam is in the single-photon regime in which quantum communication systems
can operate.

In the framework provided by quantum field theory the classical free electromag-
netic field (discussed in the previous section) is quantized by promoting the vector
potential A(r, t) to an operator Â(r, t) acting on the Hilbert space of the electromag-
netic field, spanned by the photon-number (Fock) states associated with each field
mode. Under the selection of the Coulomb gauge, defined by the transversality con-
dition ∇ · Â = 0, which eliminates the longitudinal component of the vector potential
in the absence of sources, and by imposing the equal-time canonical commutation re-
lations, the quantized vector potential (now an operator) is expanded in plane waves
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as [5]

Â(r, t) =
2∑
ς=1

∫
d3k√

(2π)32ωk

√
ℏ
ε0

[
ϵς(k) âς(k) ej(k·r−ωkt)

+ ϵ ∗
ς (k) â†

ς(k) e−j(k·r−ωkt)
]
,

(2.19)

where ℏ is the reduced Planck’s constant, the polarization of the electromagnetic
quantized field is contained within the unit vector ϵς(k), the sum over ς represents
the sum over orthogonal polarization states of light, and the creation and annihilation
operators, â†

ς(k) and âς(k), satisfy the canonical commutation relations

[
âς(k), â†

ς′(k′)
]

= δ3(k − k′)δςς′ [âς(k), âk′,ς′ ] =
[
â†
ς(k), â†

ς′(k′)
]

= 0. (2.20)

In this way, Eq. (2.19) shows the plane wave expansion, analogous to the one
derived for the classical field formalism (Eq. (2.7)). In a similar way to how the vector
potential operator was constructed from the classical vector potential, the Hamiltonian
operator of the free electromagnetic field can be derived [11, 12]. By defining a ground
state |0⟩ of the eigenstates of this Hamiltonian operator so that âς(k) |0⟩ = 0, we
can construct a set of basis states that are also eigenstates of the Hamiltonian. The
ground state |0⟩ contains no particles and is therefore also called the vacuum state.
To construct a set of basis states, the operator â†

ς(k) can be applied repeatedly to the
ground state |0⟩. Although the eigenvalue (or energy) associated with these eigenstates
is infinite, the relative energy with respect to the ground state |0⟩ is finite. The relative
energy, related to these energy eigenstates or Fock states |nk,ς⟩, is

En(k) = n ℏωk with n = 0, 1, 2, . . . (2.21)

The explanation above involves creating states of the kind |1k,ς⟩ from the ground
state |0⟩ by applying the creation operator â†

ς(k). This physically means populating a
specific field mode of the electromagnetic field. Nevertheless, the states |1k,ς⟩ created
are not physically realizable because they are non-normalizable. This fact can also be
understood considering that the states created are associated with plane waves (which
are infinitely spread waves that are nonphysical) [5].

To construct physical states, we can define a new set of mode functions vk(r, t),
that will have an associated set of operators b̂ς(k), to express the vector potential
operator above as

Â(r, t) =
2∑
ς=1

∫
d3k

√
ℏ
ε0

[
b̂ς(k) vk(r, t) ϵς(k)

+ b̂†
ς(k) v∗

k(r, t) ϵ∗
ς (k)

]
.

(2.22)
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By superposing plane waves as

f(r, t) =
∫
d3k
[
α(k) 1√

(2π)32ωk

√
ℏ
ε0
ej(k·r−ωkt)

+ β∗(k) 1√
(2π)32ωk

√
ℏ
ε0
e−j(k·r−ωkt)

]
,

(2.23)

the new mode operators to use in Eq. (2.22) can be defined as

b̂ς =
√
ε

ℏ

(
ϵςf, Â

)
=
∫
d3k

[
α(k) âς(k) + β(k) â†

ς(k)
]
. (2.24)

Consider now that f is part of a set of orthonormal functions fj(r, t), with β(k) = 0
and the functions α(k) to be well-behaved and sharply peaked around a central value
k0. Then, a single excitation of the mode fj (which are no longer nonphysical plane
waves) can be created as

|1jς⟩ = b̂†
jς |0⟩ =

∫
d3kα∗

j (k) â†
ς(k) |0⟩ . (2.25)

This excitation, that is basically a wavepacket of infinite duration, follows the rules

|njς⟩ =
(b̂†
jς)n√
n!

|0⟩ , (2.26)

b̂jς |njς⟩ =
√
n |n− 1jς⟩ , (2.27)

b̂†
jς |njς⟩ =

√
n+ 1 |n+ 1jς⟩ . (2.28)

This set of rules strongly suggests considering the excitations of mode fj of the elec-
tromagnetic field as particle states, i.e. photons. These particles are created by the
operator b̂†

jς and annihilated by the operator b̂jς . These wavepacket-like excitations,
called photons, have well-defined energy and momentum due to the sharply peaked
nature of the related modes fj . Hence, with the formalism provided by the quan-
tum field theory, a fundamental result has been achieved: the interpretation of light
as being composed by photons (which are excitations with well-defined energy and
momentum of the quantum electromagnetic field).

The objective of this section is to find the interpretation of a single-photon beam
of light within quantum field theory. To do so, the paraxial approximation needs
to be introduced (similarly to how it was done for the classical field in the previous
section). In the paraxial regime, a field is typically represented as an envelope function
modulating a carrier plane wave with wave vector k0 and angular frequency ω0 = c|k0|.
Consider the excitation of the field to have a predominant direction of propagation
along z and momentum k0 > 0, i.e. k0 = k0ẑ. Following the paraxial wave equation
formalism in Ref. [13], the corresponding single-photon wave function can be derived.
Under these assumptions, the vector potential operator is written as

Â(r, t) =
2∑
ς=1

∫
dω

e−jω(t−z/c)√
4πε0cω/ℏ

∫
d2r′

⊥F ς(r⊥, z, r′
⊥, ω, t) âς(r′

⊥, ω) + H.c., (2.29)
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with

F ς(r⊥, z, r′
⊥, ω, t) = 1

(2π)2

∫
d2q ϵς(k⊥, ϑ)

(
1 + ϑ2

√
1 + ϑ4

)1/2

e−jωt(√
1+ϑ4−1)ejk⊥·(r⊥−r′

⊥)−iq2cz/(2ω), (2.30)

where r⊥ and k⊥ are the position and momentum coordinates perpendicular to the
paraxial direction z, ϑ = |k⊥|/

√
2k2

0, and H.c represents the Hermitian conjugate.
Although in general, no position operator can be defined for a relativistic massless
particle with helicity, e.g., the quantum electromagnetic field, a transverse position
operator can be defined in the paraxial regime [12]. The eigenstates of this transverse
position operator are then given by |r⊥, ω, ς⟩ ≡ â†

ς(r⊥, ω) |0⟩ where the annihilation
operator âς(r⊥, ω) is used in Eq. (2.29). Using these position states we can generate,
in general, any single-photon state |n,m, ω, ς⟩ =

∫
d2r⊥ψnm(r⊥, ω) |r⊥, ω, ς⟩ given a

basis set of orthogonal transverse functions ψnm (e.g. Hermite-Gaussian basis). The
transverse position operator in the paraxial approximation allows the representation
of the exact quantum mechanical state of each of the photons in the classical paraxial
beam2. This leads to the important observation that the normalized irradiance (see
Eq. (2.18)) of a single-photon beam in the paraxial regime can be interpreted as the
probability density for the transverse localization of the single-photon.

Under this interpretation enabled by the paraxial wave equation and the well-
behaved transverse position operator, analogous to the way it was done for the clas-
sical electromagnetic field, the vector potential operator can be written in terms of
the Hermite-Gaussian mode basis (by properly choosing the spatial-temporal modes
vk(r, t) in Eq. (2.22))

Â(r, t) =
√

ℏ
ε0

2∑
ς=1

∞∑
n,m=0

∫
d3k
[
ϵς(k) b̂nm(k)uHG

nm,k(r, t)

+ ϵ ∗
ς (k) b̂†

nm(k)uHG,∗
nm,k(r, t)

]
,

(2.31)

where the annihilation and creation operators b̂nm(k) and b̂†
nm(k) are associated with

the Hermite-Gaussian mode basis uHG
nm,k(r, t) presented in Eq. (2.12). Considering the

previous discussion for a well-behaved mode basis fj , the annihilation and creation
operators for the Hermite-Gaussian mode basis annihilate and create photons with
the respective spatial-temporal mode uHG

nm(r, t). An analogous expression to Eq. (2.31)
can be found for the operator when expanded in the Laguerre-Gaussian mode basis,
in which it can be seen that these beams carry a quantized orbital angular momentum
[14].

As it is seen in the expansions of the vector potential operator in Eq. (2.31), the
polarization of the electromagnetic quantized field is contained within the unit vector
ϵς(k). As a consequence of the Coulomb gauge chosen, the polarization vector points
in a perpendicular direction to the direction of propagation k, i.e. ϵς(k) · k = 0 for
2The reader is referred to Ref. [12] for a detailed derivation of the above.
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each ς [9]. By allowing the components of the polarization unit vector ϵς(k) to be
complex, all the polarization states known can be obtained. The amplitude of the
field is now related to the number of photons on the quantum state (in this thesis, we
will be interested mainly in single-photon states). Finally, the phase of single-photon
states, mathematically represented in the argument of the complex spatial mode, will
also be necessary to understand the diffraction of these states (see §5). This shows
that the different properties of light that were discussed in the classical field theory
(frequency, phase, and polarization) are also present in the quantized electromagnetic
field.

In summary, the formalism provided by the quantum field theory allows us to
generate single-photon states associated with classical paraxial beams in which the
transverse position operator is well behaved. With the latter, the interpretation of the
normalized classical irradiance of a single-photon state as a localization probability
density is obtained, which will be central to the discussions presented in §7 in the
context of quantum communication.

2.2. Information theory: bits and qubits
In the previous section, the fundamental nature of light has been presented. Starting
from Maxwell’s equations, the solutions for paraxial beams in both the classical and
quantum theories have been obtained. The directionality provided by these beams
can be used, among other applications, to carry information between two spatially
distant locations. This is what free-space optical and quantum communications are
all about. By modulating and analyzing different properties of the electromagnetic
light fields, information can be transmitted and received effectively. In this section,
the fundamental notions of classical and quantum information theory relevant to the
analysis of space-based optical and quantum communication systems investigated in
this thesis are introduced. The reader is referred to the literature for a more in-depth
discussion of these topics [5, 15–18].

2.2.1. Classical information theory
We can start with a simple question: what is information? A rigorous mathematical
answer to this question was given by the foundational work of Claude Shannon when he
established the concept of information entropy [19]. The information entropy measures
the average uncertainty or information content associated with a random variable. For
a discrete sourceX emitting symbols xi with probabilities pX(xi), the Shannon entropy
is defined as [16]

H(X) ≡ −
∑
i

pX(xi) log2 pX(xi). (2.32)

A detailed discussion on how this definition comes from four axioms that are expected
for an uncertainty measurement, such as H(X), can be found in Ref. [15]. If the
logarithm is base 2 as above, the units of the entropy are bits. Shannon’s entropy
sets the fundamental limit on the minimum average number of bits required to encode
the source output. In other words, Shannon’s information entropy tells how much
information we gain on average when we learn the value of the random variable X (or
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equivalently, how much uncertainty we have on the variable before we learn its value).
In this sense, a bit can be understood as the amount of information required to reduce
the uncertainty by a factor of 2. The information-theoretic bit introduced so far is
not to be confused with the digital bit, which represents a binary digit in a physical
or computational system and can take only the discrete values 0 or 1, whereas the
information-theoretic bit is a unit of information that measures the average reduction
in uncertainty and can take any real-valued quantity depending on the underlying
probabilities [16]. The relation between them can be understood as follows: when we
say that we give 1 bit of information in the information-theoretic sense, this can be
represented by a single digital bit that takes the value 0 or 1 to distinguish between
the two equally likely alternatives.

In optical communication, the abstract random variable X introduced above is
physically encoded in specific degrees of freedom of the electromagnetic field, such
as the amplitude, phase, polarization, or spatial mode of the light beam, which are
modulated to represent the transmitted symbols. In optical communication systems,
the channel is modeled as a physical process that transforms the transmitted signal
(the modulated light beam) into a received signal, possibly corrupted by noise. In
free-space optical channels, noise sources include background light, detector noise,
and atmospheric turbulence, which can distort different properties of the light beam
carrying the information (e.g., amplitude, phase and polarization). The different noise
sources and perturbations to the signal that will be of interest to the present thesis are
presented in detail in §3. A diagram of the basic operation of such a communication
channel is shown in Figure 2.2. Physically, a communication channel refers to the
physical media through which the signal is propagated and subject to physical distur-
bances. The figure illustrates a noisy communication system, showing the interaction
between the encoder, the channel, and the decoder. The encoder maps, through the
operator fn, the input information into codewords designed to introduce redundancy,
enabling error detection and correction. These codewords are transmitted through a
noisy channel characterized by the conditional probability p(y|x), which models the
uncertainty introduced by noise. At the receiver, the decoder estimates the transmit-
ted message from the received sequence through the operator gn, aiming to minimize
the bit error probability.

Figure 2.2: Block diagram of a classical communication channel

The upper bound of the amount of information that can be effectively transmit-
ted through such a noisy communication channel is given by Shannon’s noisy channel
theorem. This theorem establishes that for a noisy communication channel with ca-
pacity C, reliable transmission is theoretically possible if the transmission rate R is
below C, as coding techniques exist that make the probability of error arbitrarily small.
Conversely, when R > C, no coding scheme can achieve an arbitrarily low error rate,
and the probability of bit errors increases as R exceeds C. Thus, C represents the
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fundamental limit for error-free communication. For a memoryless channel (a channel
acting the same way every time it is used), with input X and output Y , the so-called
mutual information H(X : Y ) quantifies the amount of information shared between
X and Y [16, §4]

H(X : Y ) ≡ H(X) +H(Y ) −H(X,Y ) = H(X) −H(X|Y ), (2.33)

where the joint entropy H(X,Y ) and conditional entropy H(X|Y ) are given by

H(X,Y ) ≡
∑
i,j

pXY(xi, yj) log2
1

pXY(xi, yj)
, (2.34)

H(X|Y ) ≡ −
∑
i,j

pXY(xi, yj) log2
pXY(xi, yj)
pY(yj)

. (2.35)

The latter is a measure of how uncertain we are on average about the value of X,

Figure 2.3: Graphical representation of the entropies, conditional entropies, and mu-
tual information of two random variables X and Y .

after knowing the value of Y . In Fig 2.3, a graphical representation of the different
entropies and mutual information is shown. Then, the Shannon channel capacity for
a discrete memoryless channel can be expressed as

C = max
pX(x)

H(X : Y ), (2.36)

where the maximization is over all possible input distributions. The previous equations
are valid for discrete variables X and Y . However, analogous definitions for differen-
tial entropies in continuous random variables can be easily obtained by substituting
the summatories for integrals [16]. For example, for continuous random variables
with band-limited channels under Gaussian noise, the capacity C can be determined
using the Shannon–Hartley theorem, linking the channel’s physical properties to its
maximum achievable data rate as [16]

C = B log2

(
1 + S

N

)
, (2.37)

where B is the bandwidth, S/N is the signal-to-noise power ratio.
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There are plenty of systems in which classical information theory can be applied.
The system of interest for this thesis is optical communication. In this way, the con-
cepts presented in the theory of information are physically implemented on free-space
light beams, and the information is encoded by manipulating different properties of
light (such as amplitude, phase, frequency, or polarization modulation). The rela-
tion between the classical information theory and the physical implementation of this
through light beams is discussed in detail in §2.3.

2.2.2. Quantum information theory
As seen in the previous section, applications of classical information theory can be
physically implemented by exploiting the properties of light predicted by the clas-
sical theory of light (§2.1.1). Analogously, quantum information theory studies the
information processing on systems that exploit the properties predicted by the quan-
tum theory of light (§2.1.2). For almost all classical information processing systems
(e.g., computer or communication system), there is nowadays a quantum analog (e.g.,
quantum computer or quantum communication system). In this section, a brief in-
troduction to quantum information theory, which sets the foundations for quantum
communication systems, is presented. For a more in-depth discussion of quantum
information theory, the reader is referred to the literature [5, 18].

The fundamental unit of quantum information is the quantum bit, or qubit. Unlike
a classical bit, which is either 0 or 1, a qubit can exist in a superposition. In general,
the state of a qubit in the two-dimensional complex Hilbert space H can be expressed
as

|ψ⟩ = α |0⟩ + β |1⟩ , (2.38)
where α and β are complex amplitudes satisfying the normalization condition |α|2 +
|β|2 = 1. Among the different possible physical implementations of a qubit [18], they
can be realized using the polarization, spatial mode, or time-bin degree of freedom of
single-photon states (§2.1.2). For most applications of quantum information theory,
things start to be interesting when at least a pair of qubits is used, and combined
operations on them are performed. The Hilbert space for two qubits H2 = H ⊗ H can
be spanned by the computational basis {|00⟩ , |01⟩ , |10⟩ , |11⟩}. Another interesting
basis that explicitly showcases a foremost important property of quantum systems is
the Bell state basis∣∣Ψ±〉 = 1√

2
(|01⟩ ± |10⟩) ,

∣∣Φ±〉 = 1√
2

(|00⟩ ± |11⟩) . (2.39)

This basis highlights a property that has no equivalent in classical systems, i.e. en-
tanglement. An entangled state of two qubits cannot be described as a product of
the individual qubits’ state vectors, i.e., it cannot be written in the separable form
|ψ⟩ ̸= |ψ1⟩ ⊗ |ψ2⟩ (where |ψ1⟩ and |ψ2⟩ are the states of the single qubits). This prop-
erty of quantum systems is key to enabling the outstanding capabilities of quantum
computation and communication systems, as it will be explained later in this section.

Exploiting the idea of entanglement, a key operation in entangled photon pairs
that can distribute entanglement over large distances is entanglement swapping or
quantum teleportation. Two entangled pairs of qubits, say (A,B) and (C,D), where
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B and C are sent to a central node. Performing a Bell state measurement (BSM) on
B and C projects the remaining qubits A and D into an entangled state, even though
they have never interacted directly. Mathematically, if the initial state of the two pairs
is |Ψ⟩AB ⊗ |Ψ⟩CD, a BSM on qubits B and C can be represented by the projection
operators

PΦ± = |Φ±⟩⟨Φ±|, PΨ± = |Ψ±⟩⟨Ψ±|, (2.40)
and the outcome of the measurement determines which Bell state the distant qubits
A and D collapse into. As presented in §7, entanglement swapping and quantum
memories –physical systems capable of storing quantum states for a finite duration–
can be used to overcome distance limitations in quantum communication systems.
However, due to imperfections in physical implementations, the generated entangled
states are often not maximally entangled. In such cases, entanglement distillation can
be employed to extract a smaller number of highly entangled states from a larger set of
degraded ones. Thus, entanglement distillation enables a trade-off in which multiple
low-quality entangled pairs are converted into fewer, higher-quality pairs.

So far, the quantum states have been described by vectors in Hilbert space. How-
ever, another formalism based on the density operator is much used in quantum me-
chanics. By using the density operator formalism, fundamental concepts of quantum
information theory are made more approachable. The density operator can describe
not only pure quantum states such as the ones presented with the vector formalism
in Eqs. (2.38)-(2.39), but also quantum systems whose state is not completely known.
For example, consider a quantum system X is in a state |ψi⟩ with a probability pi.
Then, such an ensemble of pure states can be described by a density operator

ρX ≡
∑
i

pi |ψi⟩ ⟨ψi| . (2.41)

With this formalism, the description of unitary operations and measurements in the
quantum system is easily described mathematically [18]. In the same way that in
classical information theory a random variable is characterized by its probability dis-
tribution, a quantum random variable is characterized by its density operator. There-
fore, there is an analogue to the Shannon information entropy for a quantum random
variable X with a density operator ρX. The entropy is now called the von Neumann
entropy and is defined as

S (X) ≡ −Tr (ρX log2 ρX) = −
∑
x

λx log2 λx, (2.42)

where a Tr refers to the trace operation, and λx are the eigenvalues of the density
operator ρX . Analogous to how it was presented in the framework of classical infor-
mation theory, the mutual information can be defined in quantum information theory
for the quantum random variables X and Y with states given by the density operator
ρXY

S(X : Y ) ≡ S(X) + S(Y ) − S(X,Y ) (2.43)
where S(X,Y ) ≡ −Tr (ρXY log2 ρXY) is the joint entropy and the density operator
of the subsystems X and Y can be obtained through the partial trace operation
ρX = TrX (ρXY).
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So far, we have briefly described some of the concepts underlying the theory of
qubits and quantum information. However, how can the properties of qubits be ex-
ploited to obtain a useful benefit with respect to their classical counterparts? A bit
and a qubit differ in that while the bit can be in one of two possible values, the qubit
has a whole continuum of possible states between these two values (see Eq. (2.38)).
Not only that, but by combining several of these qubits, entanglement between them
can be created (see Eq. (2.39)). The properties of superposition and entanglement
give rise to certain phenomena that can be exploited for several applications, such as
quantum computing and quantum cryptography.

To understand how the superposition and entanglement properties give rise to these
applications, we first need to introduce the concept of accessible information. Consider
two non-orthogonal quantum states ⟨ψ|ϕ⟩ ̸= 0. It can be proven that there exists
no quantum mechanical operation that can reliably distinguish between them [18].
The accessible information quantifies the maximum amount of classical information
that can be extracted from a quantum system, and the indistinguishability of non-
orthogonal states fundamentally limits this quantity –an upper bound for the accessible
information in a quantum system is given by the Holevo bound [18, §12]. In contrast,
in classical information theory, distinct states are always perfectly distinguishable
in principle, meaning that the accessible information equals the total information
encoded. Another consequence related to the concept of accessible information is the
no-cloning theorem. This theorem, which lies in the heart of quantum cryptography
protocols presented later, states that it is impossible to perfectly clone an unknown
quantum state using unitary evolution [18, §12].

When quantum states are used and sent, the question can be asked of how much
classical information can be transferred between two parties over a noisy channel.
In other words, we want to find an analogue to Shannon’s noisy channel theorem,
but when transmitting quantum states. This topic continues to be an open problem,
although some advances and bounds have been found for specific conditions (see the
Holevo–Schumacher–Westmoreland theorem [20, 21]). An even greater challenge in
quantum information theory is determining the amount of quantum information that
can be transmitted over a noisy channel (see Ref. [18] for a detailed discussion).

Quantum cryptography

Among the different applications of quantum information theory [18], we will be fo-
cusing mainly on two: entanglement distribution and quantum cryptography. Entan-
glement distribution consists of distributing quantum entangled states between several
different parties that are separated in space. As will be seen in later chapters, entangle-
ment distribution between different parties can be used for several applications, such
as distributed quantum computing [22] and cryptography [23]. Specifically, quantum
entanglement can also be used for quantum key distribution (QKD).

Quantum key distribution is a set of provably secure protocols that create private
key bits between two parties over a public channel (see Fig. 2.4). At the time of this
writing, most of the key generation through public channels is done through classical
public-key encryption schemes, such as RSA [24]. However, the development of large-
scale quantum computers threatens these classical public-key encryption schemes, as
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algorithms such as Shor’s algorithm can efficiently break their security assumptions
[18, 25–27]. There are two main solutions to this threat: post-quantum cryptography
and quantum key distribution. On the one side, post-quantum cryptography seeks
to design classical encryption methods that remain secure even against eavesdroppers
with quantum computers. On the other side, QKD provides a solution by enabling
information-theoretically secure key exchange exploiting the no-cloning theorem men-
tioned above. We now proceed to explain the two most popular protocols for quantum
key distribution, i.e., BB84 and BBM92.

The protocol BB84 is able to create a secure key without requiring entanglement
distribution between the parties involved [17, 28]. The diagram in Fig. 2.5 shows the
basic steps of the protocol. The protocol is started by Alice preparing a state of random
qubits in one of the states {|0⟩ , |1⟩ , |+⟩ , |−⟩} according to a random bit string s. The
states |+⟩ = (|0⟩+|1⟩)/

√
2 and |−⟩ = (|0⟩−|1⟩)/

√
2 create a basis diagonal to {|0⟩ , |1⟩}.

The string of random qubits created by Alice is then transmitted through the quantum
channel to Bob, who measures each in a randomly chosen basis. Then Alice and Bob
share information through a classical channel to compare which measurements of Bob
is done in the same basis as prepared by Alice. Then, a subset of the resulting
bits is chosen by Alice to check the presence of any eavesdropper. If the number of
coincidences is acceptable, considering other errors that occur due to imperfections
on the channel, information reconciliation and privacy amplification procedures are
applied, creating a secure key between the parties. The security of the protocol relies
on the fact that an eavesdropper cannot measure the qubits without disturbing them:
since the states are prepared in non-orthogonal bases, any attempt to measure without
knowing the correct basis introduces detectable errors. Furthermore, the no-cloning
theorem prevents an eavesdropper from perfectly copying unknown quantum states,
ensuring that any interception attempt inevitably alters the transmitted qubits, and
can thus be detected.

The BBM92 protocol proposed in Ref. [29] is a QKD scheme that, unlike BB84,
is based on the use of quantum entanglement. The protocol is illustrated at the
bottom of Fig. 2.5. Firstly, pairs of maximally entangled qubits are prepared in the
entanglement source –this source can be located away from both Alice and Bob or with
one of them. The elements of the Bell state basis are maximally entangled states. Each
of the qubits of the maximally entangled states, e.g. the singlet state |Ψ−⟩ = (|01⟩ −
|10⟩)/

√
2 = (|+−⟩ − |−+⟩)/

√
2, are sent through the quantum channels to Alice and

Bob, respectively. Then, Alice and Bob independently choose random measurement
bases from predefined sets (e.g., {|0⟩ , |1⟩} and {|+⟩ , |−⟩}), and they measure the
received qubits in these bases. As the qubits received by Alice and Bob are entangled,
their results should be correlated (or anticorrelated). After all the measurements
have been made, both parties announce publicly the randomly chosen bases, and keep
only those measurements in which their bases coincide. In these remaining qubits,
under perfect channel conditions and no eavesdropper attacks, the results of Alice and
Bob should be perfectly correlated (or anti-correlated). This correlation is checked
by choosing a subset of all the remaining qubits, and the protocol continues as in
BB84. The security of the BBM92 protocol arises from the fact that any eavesdropping
attempt necessarily disturbs the entanglement and reduces the strength of the observed
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Figure 2.4: Diagram of public key encryption based on quantum key distribution.

correlations (or anti-correlations). By testing these correlations, Alice and Bob can
verify whether the shared states are genuinely entangled; if an eavesdropper intercepts
or manipulates the qubits, the correlation will not be perfect, and the intrusion will
be detected. In the protocol explained, the security check is done through simplified
correlation checks of the remaining subset. For a more secure check, Bell’s inequality
violation proof with the selected measurements is required [18], yielding to the E91
protocol proposed in Ref. [30].

The physical implementation of the applications discussed above can be done by
different means: quantum computers use photons, ions, and other quantum systems
to store and process quantum information [31]. However, for quantum communication
purposes, photons can be transmitted through long distances carrying with them the
quantum states of interest [5]. Therefore, in our case, the logical qubits presented
previously are implemented in different properties of single-photon states (§2.1.2). In
the following section, more details on the physical implementation of photonic bits
and qubits are given.

2.3. Light as an information carrier
In this chapter, we have explored the physical properties of light beams in both the
classical and quantum regimes, alongside the foundational principles of classical and
quantum information theory. Finally, we bring these concepts together by addressing
a central question: how can light serve as a medium for encoding both bits and qubits?

Building on the physical description of light beams as carriers of energy §2.1.1, we
can now proceed to exploit them as information carriers §2.2.1. Light beams propagat-
ing through free-space can carry information by modulating their physical properties,
such as amplitude, phase, polarization, frequency, and spatial mode. This forms the
basis of free-space optical communications (FSOC), where data is encoded onto a light
beam, transmitted through a channel, and then decoded at the receiver. The ability
to encode information onto a light beam arises from its various degrees of freedom.



26 2. Light as an information carrier

Figure 2.5: Diagram of the BB84 and BBM92 QKD protocols.



2.3. Light as an information carrier 27

Modulation techniques exploit these properties to represent digital data: for example,
amplitude modulation varies the intensity of the beam to encode bits, while polariza-
tion modulation alters the optical field’s polarization state [32]. Similarly, frequency
and spatial mode modulation can be used to encode logical bits of information. Be-
yond modulation, multiplexing techniques allow several data streams to be transmit-
ted simultaneously. For instance, wavelength-division multiplexing assigns different
wavelengths to separate channels [33], while spatial-division multiplexing uses orthog-
onal spatial modes –such as Hermite-Gaussian or Laguerre-Gaussian beams discussed
in §2.1– to increase capacity [34]. By controlling these properties of light, multiple
parallel streams of information can be reliably transmitted between two parties.

However, imperfections in the physical channel and optical components introduce
noise and distortions that can corrupt the transmitted information. Classical infor-
mation theory, introduced in §2.2.1, provides the mathematical framework to quantify
and mitigate such corruption through different techniques (e.g., error-correcting codes
[35]). For example, information-theoretical concepts such as capacity can explain why
optical communication channels have a higher capacity than the radiofrequency ones:
according to the Shannon–Hartley theorem (Eq. (2.37)), the capacity of a communica-
tion channel increases with both the available bandwidth and the signal-to-noise ratio.
Since optical frequencies provide orders of magnitude more available bandwidth than
radio frequencies (due to the higher carrier frequencies involved), free-space optical
communication systems inherently offer much higher potential data rates.

When information needs to be transmitted over global distances, or when data
must be collected directly in space, the limited range of optical fibers makes satellite-
based FSOC links essential. However, the optical terminals used in space are far
from perfect and are subject to various environmental challenges, including thermal
fluctuations, mechanical vibrations, and radiation effects. These factors, along with
their impact on system performance and design, will be reviewed in detail in §3.

In the same manner as classical bits can be encoded into the different properties
of classical light beams, qubits can also be physically implemented using the single-
photon states presented in §2.1.2 as carriers of quantum information §2.2.2. Although
quantum information is not restricted to single-photon states alone [36, 37], we will
only treat single-photon states in this thesis.

As explained in §2.1.2, the quantum theory of light allows the generation of single-
photon states associated with classical paraxial beams. The different properties of
these single-photon states, such as polarization, frequency, spatial mode, and time-bin
degree of freedom, can be exploited to encode qubits (see Fig. 2.6). For example,
polarization states such as |H⟩ and |V ⟩ can represent the logical states |0⟩ and |1⟩ of a
qubit, while superpositions of these states can be used to create arbitrary qubit states
as described in Eq. (2.38) –this type of encoding is the preferred option in free-space
optical quantum systems due to the high stability in free-space propagation and high-
quality polarization commercial elements [38]. Time-bin encoding, on the other hand,
uses early and late arrival times of photons to represent logical states, typically sepa-
rated by a few microseconds [39, 40]. Similarly, spatial modes (or paths) and photon
frequency can be used to represent different logical states [41, 42]. Finally, transversal
modes like Hermite-Gaussian or Laguerre-Gaussian beams can also be used to define
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Figure 2.6: Photonic qubits. (a) Polarization qubit: polarization states, e.g. |H⟩ and
|V ⟩ states, represent logical qubits (b) Time-bin qubit: early |e⟩ and late |l⟩ states rep-
resent logical qubits or qudits (c) Frequency-bin encoding: different frequencies encode
the logical qubits (d) Path encoding: the presence of a photon in one of the spatial
modes (paths) encodes the logical states (e) Transverse-mode and OAM qubit: differ-
ent transverse spatial modes, e.g. Hermite-Gaussian modes HG10 and HG01, represent
logical states. PBS: Polarization beam splitter, BS: Beam splitter, M: Mirror, NLO:
Non-linear optical system, DM: Dichroic mirror, PS: Phase shifter, and PM: Phase
mask.



2.3. Light as an information carrier 29

qubit states based on their transverse mode structure [43]. It is worth noting, how-
ever, that time-bin, path, frequency and transverse-mode encodings naturally extend
beyond two-level systems, allowing the encoding of qudits, i.e., d-dimensional quantum
states [44–46]. These qudits can, in principle, enhance the information capacity per
photon. By using optical systems such as the ones depicted in Fig. 2.6, logical opera-
tions can be performed in qubits. For example, polarization qubits can be converted
into spatial qubits through a polarization beam splitter. Furthermore, nonlinear opti-
cal sources can generate entangled pairs of optical qubits, enabling the distribution of
entanglement across remote parties while preserving their quantum correlations over
long distances [47].

Although photonic classical bits and photonic qubits can be implemented using
the same physical properties of light –such as polarization, spatial modes, or time
bins– they behave fundamentally differently. In classical optics, bits are encoded in
orthogonal states (e.g., |H⟩ and |V ⟩), which can be measured without disturbance
and perfectly copied or amplified for long-distance communication. In contrast, a
photonic qubit can exist in an arbitrary superposition, such as α |H⟩ + β |V ⟩, and
if the state is unknown, the no-cloning theorem forbids making an exact duplicate.
Any measurement collapses the superposition, preventing perfect copying and making
amplification nontrivial. This fundamental difference underpins the physical security
provided by quantum communication.

When trying to bridge long distances between the parties involved in quantum
communication links, satellite-based free-space optical quantum channels become ex-
tremely useful, just as their classical counterparts do. Furthermore, combining the
idea of satellite-based quantum communications with entanglement swapping using
quantum memories, even larger distances can be bridged. However, as for classical
optical links, quantum communication systems are also affected by the imperfections
of the physical channel. Moreover, as discussed in the context of QKD protocols in
§2.2.2, quantum channels alone are not sufficient for secure key distribution. A clas-
sical communication channel is also required to enable the public discussion between
the parties, such as basis reconciliation and error correction. A short review of the
challenges and limitations of satellite-based quantum communication systems will be
discussed in detail in §4.





Chapter 3

Satellite Free-Space Optical
Communications

My greatest concern was what to call it. [. . . ]
Von Neumann told me, "You should call it entropy, [. . . ]

no one really knows what entropy really is,
so in a debate you will always have the advantage."

Claude Shannon

In the previous chapter, we established how light can serve as both a classical and
a quantum information carrier. This fundamental property enables the development
of global optical and quantum communication networks. In particular, satellite-based
optical communications offer the potential to bridge the large distances involved in
such networks. However, spaceborne optical and quantum communication terminals
are subject to various opto-thermo-mechanical phenomena induced by the harsh space
environment. In this chapter, we review these phenomena as they occur in classical
optical communication terminals, highlighting their relevance and impact. Methods
for quantifying their effects on communication performance are collected, establishing
the connection between optical behavior and communication performance parameters.
Finally, we classify available mitigation techniques and identify the key research chal-
lenges that remain. A similar analysis for space-based quantum communication will
be presented in §4.

The content of this chapter is based on the Ref. [48] Badás, M. et al. "Opto-thermo-mechanical phe-
nomena in satellite free-space optical communications: survey and challenges". Optical Engineering
63, 041206 (2023).
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3.1. Introduction
Due to an increasing demand for higher data rates and more secure communications,
free-space optical communications (FSOC) has already been shown to be a technology
that can become a crucial part of future communication networks [49]. The higher
bandwidth, directivity, and security, as well as lower power and mass requirements,
make FSOC an interesting alternative to radiofrequency communication. The appli-
cations of this technology range from solving the last mile problem [50] to deep space
optical communications [51, 52].

Satellite FSOC terminals are paramount for the further development of applica-
tions such as deep-space communications and data downlinks of Earth observation
missions. These terminals have to be resilient to the severe space environment. Radi-
ation, thermal, and mechanical loads in space will affect the operational performance
of the components of the terminal. Furthermore, these terminals must be designed
considering the limitations of spacecraft volume and mass. Hence, a profound under-
standing of the coupled opto-thermo-mechanical phenomena and their impact on the
communication performance of the system is needed to identify requirements and op-
timize the design. This chapter aims to explain the relevant opto-thermo-mechanical
phenomena occurring in satellite terminals, identifying which of these phenomena are
more important by providing a framework to evaluate the impact of these phenom-
ena in FSOC. Furthermore, the mitigation techniques to counteract these effects are
classified, and future research directions for the field are proposed.

In §3.2, a general satellite FSOC terminal is presented, describing its components
and their function in the system. In §3.3, the mechanical and thermal loads to which
satellite terminals are subjected in different orbits and scenarios are presented. The
opto-thermo-mechanical phenomena occurring at the component level of the terminal
are presented in §3.4, along with the effect that these have on the optical perfor-
mance of the system. Furthermore, the modeling workflow to simulate these coupled
multiphysics problems is presented, i.e. structural, thermal, and optical performance
(STOP) analysis. Section §3.5 builds a bridge to translate the optical effects to com-
munication performance parameters, to evaluate the impact on the communication
due to the phenomena previously explained. This section will focus on the impact of
opto-thermo-mechanical phenomena on intersatellite links, although the explanation
could be generalized to other scenarios (i.e. satellite-to-ground) by considering also
atmospheric effects. The mitigation techniques to decrease the detrimental impact of
opto-thermo-mechanical phenomena in FSOC are presented in §3.6. Finally, future
research topics in this area are proposed in §3.7. In Fig. 3.1, the structure of the
chapter is shown and the relation between the phenomena, effects, and impact can be
tracked.

3.2. System overview
A satellite FSOC terminal will send or receive information modulated in a laser beam
that travels through free-space without the need of optical fibers to guide the light.
To achieve this objective, a satellite FSOC terminal is formed by several optical com-
ponents that steer and shape the beams going through it. Fig. 3.2 shows a possi-
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Figure 3.1: Structure of the chapter emphasizing the main topics covered and the sec-
tions in which these are presented. The arrows represent the link between the different
phenomena and parameters, relating the different causes to their respective effects.
(wavefront error (WFE), bit error rate (BER))

ble architecture in which the components that are relevant to the purpose of this
chapter are shown. The optical terminal will be in most cases capable of operating
both as a receiver and transmitter (i.e. transceiver) as shown in the figure. The
architecture presented, has the objective of including the components to which opto-
thermo-mechanical phenomena can be relevant and does not pretend to be an optimum
architecture of an FSOC transceiver.

Figure 3.2: General system diagram architecture for satellite FSOC transceiver termi-
nal. The lenses shown are a simplified representation of lens assemblies. Colors not
stated in the legend, are combinations of others (beam splitter (BS), charge-coupled
device (CCD), pointing, acquisition and tracking (PAT), polarization beam splitter
(PBS), quarter wave plate (QWP)).
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When transmitting a signal, the output data is modulated into the beam coming
from the laser source. This transmitted beam is collimated and the point ahead angle
compensates for the relative velocity with respect to the other terminal. By sending
the laser beam to the location where the receiving satellite will be after the time it
takes for light to travel from the transmitter to the receiver, the point ahead angle
corrects for the relative velocities between the terminals. This angle is applied to the
beam with the point-ahead mirror in the architecture shown in Fig. 3.2. Finally, the
beam is transmitted through the telescope after being steered by the pointing and
tracking mechanisms (i.e. fast steering mirror (FSM) and coarse pointing assembly
(CPA)). These mechanisms are controlled by the spot location of the light received in
the CCD array and the Quad Cell, coming from the other terminal’s beacon. When
receiving the signal, a beacon is emitted from the receiver to enable tracking from
the other transmitter. The received light is coupled into a fiber and the data is
extracted through demultiplexing and demodulation of it. Alternative architectures
include large free-space detectors instead of a fiber coupler. The decision between these
architectures depends usually in practical considerations as, fiber based detectors and
amplifiers are often used in free-space optical communication terminals.

There are different criteria that have to be considered when choosing a laser source
for a satellite communication terminal, from the modulation and multiplexing tech-
niques used to compatibility with optical fiber amplifiers [53]. Compatibility with
optical fiber technologies in the design of FSOC terminals will enable the use of cur-
rent fiber optic technologies to improve the performance of the system. Such is the
case of fiber amplifiers to amplify both transmitting [54] and receiving [55, 56] signals.

The presented architecture in Fig. 3.2 shows a polarization beam splitter (PBS)
to differentiate the transmitting and receiving waves, representing one of the many
applications of the use of the polarization property of light in FSOC. Therefore, this
chapter will also study the effects on the polarization state of light due to opto-thermo-
mechanical phenomena. Polarization can also be used in optical communications for
multiplexing [57] and modulating the signal (Polarization Shift Keying) [32, 58–61].
Polarization of light is also especially relevant for a technology that is closely related
to FSOC, i.e. quantum communication [62]. Furthermore, several technologies used in
optical communications terminals, such as wavelength division multiplexing devices,
use the polarization of light as a baseline for their operation [63]. Finally, the polar-
ization state of the beam has to be maintained in order to efficiently detect the beam
in coherent detection receivers [64]. Considering all this, it is paramount to consider
the changes in the polarization state induced by opto-thermo-mechanical phenomena
in the terminal. The polarization state of light can be linear, elliptical, or circular.
For circularly polarized light, each photon carries a spin angular momentum (SAM).
The left- and right-handed circular polarization states correspond to an SAM of +ℏ
and −ℏ, respectively.

Another property of light that can be exploited for communication purposes is the
orbital angular momentum (OAM). The OAM is the momentum carried by a beam
that is dependent on the spatial distribution of the electromagnetic field (polarization
being the other component of angular momentum of light) [65]. Using a set of or-
thogonal OAM states, this property can be used in FSOC for both modulation [66] or
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demultiplexing [67] (see Fig. 3.3). This property of light can be combined with other
modulation and demultiplexing techniques that exploit other properties of light, e.g.
wavelength, phase, and polarization [60]. Fig. 3.4 shows the different modulation tech-
niques using the polarisation and OAM properties of light. The reader can therefore
verify the difference between these two angular momenta; while the helicoid exploiting
SAM to modulate the encoded information represents the polarization status of the
whole beam, the one using OAM represents the spatial distribution of the wavefront.
The generation of SAM is attained by using polarization components, e.g., impinging
a linearly polarized beam through a quarter wave plate, while the generation of OAM
is achieved by using diffractive optical elements such as spiral phase plates (as will be
seen in §9-10).

Figure 3.3: OAM of Laguerre-Gaussian beams. The radial zeroth order of the modes
is shown for different ℓ azimuthal orders. The wavefront, the intensity profile, and the
phase for each OAM mode given by the order ℓ are shown in the first, second, and third
rows respectively. The negative values of the ℓ order will yield a different handedness
of the helical wavefront conserving the intensity profile

Furthermore, different wavelengths are used in the proposed architecture for the
received beacon and channel to differentiate them with a dichroic filter. The selec-
tion of the wavelength to be used in a communication link is dependent on several
factors such as the atmospheric effects, availability of technology, safety regulations,
etc. When the FSOC laser beam travels partially or totally through the atmosphere,
the wavelength selection is driven by the reduction of detrimental atmospheric effects
(absorption, rain, fog, turbulence, etc.). Several of these reasons support using the
near-infrared spectra as the main range of interest for FSOC [68], primarily due to at-
tenuation and atmospheric scattering being lower at these wavelengths. Wavelengths
on the mid-wavelength and long-wavelength infrared (3 − 15µm) have also been pro-
posed to lower the detrimental atmospheric effects in the link [69–71]. However, due to
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Figure 3.4: Schematic diagram showing the use of SAM and OAM modulation respec-
tively. The SAM states s = ±1 and the OAM states l = +1,+2 are used as an example

the maturity of technologies developed for fiber-based communications, near-infrared
wavelengths are still the preferred choice for most FSOC systems. Furthermore, the
role that the wavelength of the light plays in FSOC becomes paramount when using
wavelength division multiplexing to increase the capacity of the channel.

In general, all properties of light (amplitude, phase, wavelength, and polarization)
can be exploited with a different purpose in an FSOC satellite terminal (see Tab. 3.1).
This will provide a large number of design possibilities to optimize the performance
of the system. In order to assure the correct operation of the system, the effects of
the environmental conditions encountered in space on the performance of the terminal
must be thoroughly assessed.

3.3. Space environment

Satellite FSOC terminals, will have to survive the harsh space environment consisting
of radiation, plasma, thermal, and mechanical loads. Furthermore, these terminals
and their constituting components will have to operate correctly in this environment.
In this section, only the mechanical and thermal environments encountered in space
are treated. An overview of other space environmental conditions was presented by
Lu et al. [72] These other environmental conditions will also affect the performance
of the FSOC system and have to be considered during the design of the terminal. For
example, radiation effects can be especially harmful to the optical components [73]
and laser sources [74] required to build such a terminal.

The mechanical and thermal loads impinged on a satellite will affect the perfor-
mance of the communication link through different opto-thermo-mechanical phenom-
ena (§3.4). The sources and magnitudes of the mechanical and thermal loads on a
satellite have to be studied in order to quantify their effects on FSOC.
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3.3.1. Microvibrations
Due to the narrow beam divergence (usually smaller or equal to milliradians), FSOC
systems require a high pointing accuracy (in the order of microradians) to minimize
the average bit error rate. The main source of pointing error in an FSOC satellite
terminal, is the vibration of the satellite due to different in-orbit sources. These in-
orbit vibration sources can be classified into internal and external vibration sources
[75]:

• External vibration sources: are due to loads coming from outside the satellite
such as solar radiation pressure, micrometeorite/space debris impacts [72], elas-
tic forces of tension/bending, and gravitational dynamic effects (solar and lunar
gravity, Earth oblateness effects, ellipticity of orbit or Earth’s central gravita-
tional field).

• Internal vibration sources: are due to loads originating inside the satellite such
as solar array mechanism, thruster operation, pointing, acquisition and tracking
(PAT) mechanisms, gyroscope noise, and attitude actuators based on angular
momentum (e.g. reaction wheels) [76]. Other internal sources of vibrations that
could be relevant for future FSOC satellites are the vibrations induced by a cry-
ocooler. The cryocooler could be needed to operate superconducting nanowire
single-photon detectors in future FSOC satellites [77]. The microvibrations in-
duced by this turbomachinery can contribute significantly as it was shown on
the Hubble Space Telescope [78].

To quantify the contribution of each vibration source to the overall satellite vi-
bration, in-orbit measurements of the vibration have been done on FSOC satellites.
Given the multiple sources of microvibrations and their statistical nature, experimen-
tal in-orbit measurements of these are especially relevant [79]. A review of the in-orbit
microvibration detection methods is presented by Tang et al. [80]. In Fig. 3.5, the
in-orbit measurements of the power spectral density (PSD) of the angular microvibra-
tions for the most relevant missions are shown. This figure shows similar trends for all
the missions and specifications collected. In particular, it can be seen that the energy
due to angular microvibrations is mainly concentrated at frequencies lower than 30 Hz
for Micius and Olympus, 100 Hz for OICETS, and 102 Hz for ETS-VI [81].

The in-orbit measurements done through a three-axis accelerometer package on-
board the Olympus satellite [82] set the ground for the characterization of the vi-
bration environment of an optical communication payload onboard a satellite. This
experimental campaign quantified the relative weight of each of the internal vibra-
tion sources. The typical duration of internal sources that are relevant to the FSOC
satellite terminals can be found in the literature [83, 84]. This analysis shows that
the longest lasting source of vibrations onboard the Olympus satellite is the antenna
pointing mechanism (in the order of seconds).

More recent in-orbit measurements of microvibrations for the OICETS FSOC satel-
lite were presented by Toyoshima et al. [85]. The authors of this work reported that
the worst-case angular microvibration is created during the tracking and slewing op-
erations of the gimballed optical antenna. The angular microvibrations onboard the
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Micius quantum communication satellite and the suppression of these with the PAT
mechanism are presented by Wang et al. [81].

The analysis of the in-orbit measurements of other internal vibration contributors
such as the control momentum gyroscope, the solar array mechanism, and the reaction
wheel was reported by Yu et al. [79]. This work concludes that in the absence of an
optical gimbal antenna mechanism, the main contributors to satellite vibrations are
the control moment gyros and reaction wheels.

Another source of microvibrations in space that has been studied in depth is a cou-
pled thermo-mechanical phenomenon known as the thermal snap. This phenomenon
occurs when the solar arrays (which are usually the most flexible structure in the
satellite) are subjected to rapid changes in temperature when entering or leaving an
eclipse. This phenomena is mainly due to a varying temperature gradient across the
thickness of the solar panels [86]. In-orbit measurements of the thermal snap phenom-
ena were presented by Oda et al. [87]. As it is presented in §3.6, several techniques
can be implemented to reduce some of the microvibrations sources presented in the
previous paragraphs.
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Figure 3.5: In-orbit measurements of vibration PSD of the angular displacement for
different space missions. ESA spec. and NASDA spec. refer to the specifications set
by the respective space agencies, while the rest are in-orbit measurements of different
satellites. Data extracted from [81, 82, 85, 88].

3.3.2. Thermal loads
Due to the orbit around the Earth, a satellite will be subjected to large temperature
gradients during an orbital period. Inside an FSOC terminal there are optical elements
that are sensitive to these temperature variations. As it will be explained in the next
section, the thermal loads ,can cause optical elements, such as lenses and mirrors, to



3.3. Space environment 39

deviate from their nominal performance yielding a detrimental effect on the FSOC
link. Therefore, it is paramount to know the thermal loads to which the satellites in
different orbits will be subjected.

Due to the high to ultra-high vacuum environment encountered in space, radiation
is the dominant heat transfer mechanism of the satellite with the external environment.
Fig. 3.6 shows the external radiation heat loads that appear in the space thermal
environment.

The solar radiation from the sun will impinge the satellite with an approximately
∼ 1361W/m2 at one astronomical unit in a plane normal to the vector direction to
the sun [89]. For a satellite in orbit around the Earth, this value is not constant
due to various factors such as the solar forcing [90] or the ellipticity of the Earth’s
orbit around the sun (that results in a change in the distance between these two).
On the other hand, when the satellite enters the shadow of the Earth, this heat load
disappears and the cooling down of the whole satellite occurs, until it is heated again
at the exit of the shadow. Some of the sunlight is reflected on the Earth yielding
to the short wavelength albedo radiation, which will be dependent on the location
and time of each of the Earth’s locations. Measurements of the albedo coefficients
necessary to accurately quantify this heat load can be found in the literature [91].
The Earth-emitted radiation creates long wavelength radiation also known as earth
orbital long-wavelength radiation (OLR), that will also be part of the space thermal
environment. The time and location-dependent measurements of this radiation can
be found in [92]. Finally, the satellite dissipates heat by radiating into the deep space
background, which acts as a thermal sink at approximately ∼ 2.7 K.

Another external source of heat in space is the charged-particle heating [93], which
is due to collisions of the charged particles trapped in the Van Allen belts with the
spacecraft. This mode of heating is usually confined to the first ∼ 0.1 mm from the
material surface and is much weaker than the radiation heat sources stated above.
These heat loads can have relevant contributions in spaceborne cryogenic systems
[94], such as the future superconducting nanowire single-photon detectors for FSOC
[77, 95]. For example, a radiator designed for 70 K steady-state operation in a circular
equatorial Earth orbit at 3200 km altitude, will increase its temperature by 2.9 K [93].

Figure 3.6: External thermal loads of a satellite in orbit around the Earth. On the
right side, the qualitative spectrum of the direct solar radiation and the earth orbital
long-wavelength radiation (OLR)
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The phenomena explained above will altogether set a periodic transient temper-
ature for a satellite in-orbit. low Earth orbit (LEO) is where most of the satellites
are placed nowadays. In LEO, defined as 160-2000 km altitude [72], the satellite has
an orbital period equal or less than 128 minutes. The thermal loads for a satellite in
LEO will change in each orbit due to the changing thermal environmental parame-
ters in time (i.e. albedo coefficient, direct solar irradiance, and OLR). The analysis
done by Gonzalez et al. [89] presents a methodology to obtain the worst-case thermal
scenarios for a satellite in LEO taking into account the variation of these parameters
in time. This analysis derives temperatures in the 150-210K range, for a satellite in
a sun-synchronous orbit. Furthermore, an analysis for different solar beta angles1 to
select the worst-case thermal environment was developed by Hengeveld et al. [96].
The guidelines and methodologies developed by NASA to obtain the worst-case ther-
mal scenario in LEO can be found in the literature [97, 98]. The approach followed
by Yenchesky et al. [99] for the thermal analysis of a FSOC cubesat, is characteriz-
ing statistically the environmental thermal parameters and computing a Monte Carlo
simulation.

The Geosynchronous Orbit is defined as an orbit with an orbital period that
matches Earth’s rotation, the most famous of which is the geostationary orbit (GEO).
The thermal environment for a satellite in GEO can be calculated with the same
methodologies that are presented by Gonzalez-Barcena et al. [89] for LEO. Another
approach followed by Zhang et al. [100], is to neglect both the albedo and OLR heat
flows considering only the prevalent direct solar radiation at these altitudes.

There is also an increasing interest in using FSOC for the communication systems
to transfer scientific data from deep space probes back to Earth [51, 101]. The ther-
mal environment in such a scenario can be quite diverse due to the broad spectra
of missions and trajectories found in deep space. The external radiation heat loads
in deep space probes will be due to the albedo and self-emitted radiation of other
planets and asteroids (such are the cases of the LLCD [102], MLCD [103] and DSOC
onboard Psyche mission [104]). In addition, the direct solar radiation will also change
as a function of the distance to the sun and therefore this value has to be accurately
reevaluated in each of the scenarios. An overview of the specific characteristics of the
thermal environment around other solar system objects is presented by Gilmore [93].

On top of that, internal heat loads will also appear due to the operation of different
systems onboard the satellite, such as Joule dissipation in circuits, the propulsion
system [105], the laser source [106], or the cryocooler [107]. Notably, the onboard
optical amplifiers used to boost the source beam constitute a significant portion of
the satellite’s thermal load [108]. Optical amplifiers, e.g. erbium-doped fiber amplifier
(EDFA), with output optical powers on the order of watts dissipating tens of watts
of heat, can be severely self-heated in satellite terminals [109]. The self-heating of
these devices not only limits their performance [110] but also usually limits their duty
cycle [111]. These sources of internal heat load can be enough to generate optical
misalignment issues onboard the terminal [112]. Finally, the laser beam itself can be
a significant thermal load in small components without enough thermal sinking. Such

1The beta angle is the angle between the orbital plane of the satellite and the geocentric position of
the Sun
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is the case of microelectromechanical FSMs [113]. For satellite FSOC terminals, the
thermal lensing effect [114, 115] is usually negligible due to the low powers (maximum
10 W average power) used in satellite transmitter lasers [64].

3.4. Opto-thermo-mechanical phenomena
The mechanical and thermal loads in an optical terminal in space will induce dis-
placements, deformations in the surfaces of optical elements, and changes in the index
of refraction. These effects will in turn deviate the system from the nominal opti-
cal performance and therefore have to be well understood and analyzed during the
design process of the FSOC space terminal. In this section, the relevant opto-thermo-
mechanical phenomena are presented and their effects on the optical performance of
the system are discussed. The classification of these phenomena has been done by at-
tending to the physical description and modeling techniques that are used to quantify
them (see Fig. 3.1).

The effects on the optical performance of the system are quantified by three differ-
ent optical performance parameters that are relevant to FSOC: pointing jitter, wave-
front error (WFE), and polarization state (see Fig. 3.1). The pointing jitter refers to
the dynamic angular error between the communication line of sight and the optical axis
of the terminal (transmitter or receiver). In this chapter, the WFE is used to quan-
tify the optical aberrations due to the opto-thermo-mechanical phenomena explained
below. Other parameters, such as the Strehl ratio [116], can also be used to evaluate
the optical performance in FSOC. Finally, changes in the polarization state created
by opto-thermo-mechanical phenomena will also be relevant to the performance of the
system and will be quantified by means of the polarization extinction ratio (PER).

3.4.1. Satellite rigid body angular displacements

At the largest scale of the system, the vibrations of the satellite will induce rigid body
angular displacements of the whole satellite. These rigid body displacements will in
turn create a pointing jitter, and therefore deteriorate the performance of the link.

The satellite’s rigid body angular displacements will be mainly due to the in-orbit
induced microvibrations. The highly stochastic nature of these microvibrations and
their high dependency on the interfaces and the details of the satellite [117], make
experimental measurements the most valuable to understand the dynamics of the
satellite as a whole (such as the in-orbit results shown in Fig. 3.5). The angular
deviation of the satellite with respect to the optical axis is statistically characterized
by a probability density function (PDF) for the satellite’s angular pointing error θ2 =
θ2
E +θ2

A. Where θE and θA are the elevation and azimuth pointing errors, respectively.
For a zero-centered normal PDF in both azimuth and elevation pointing error, the
PDF of the angular pointing error is a Rayleigh distribution given by (see App. D)

p(θ) = θ

2πσ2 exp
(

− θ2

2σ2

)
(3.1)

where σ2 is the variance of the radial pointing error. For a normal PDF non-centered
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at zero in both elevation and azimuth angles, a positive angular static error2 has to
be included. In this case, the PDF containing pointing jitter and static error will be
given by a Rician distribution [118, 119]

p(θ, ϕ) = θ

σ2 exp
(

−θ2 + ϕ2

2σ2

)
J0

(
θϕ

σ2

)
(3.2)

where ϕ is the angular static error and J0 is the zeroth order Bessel function. For the
remaining analysis in this chapter, the boresight error is taken into account through
the PDF of the pointing jitter. Hence, from the experimentally obtained time series
of microvibrations in-orbit, the variance σ2 can be derived. The PDF constructed
with this value will characterize the performance of the communication as explained
in §3.5.

3.4.2. Rigid body motions of optical components
The satellite microvibrations and the thermal loads can also induce rigid body motions
of the optical components inside the satellite [120]. These rigid body motions will,
in turn, induce pointing jitter, defocus, and other high-order optical aberrations (see
Fig. 3.7a).

In order to model the effects on the optical performance of the system due to
rigid body displacements induced by in-orbit random vibrations in the satellite, finite
element analysis (FEA) can be computed to obtain the natural frequencies and mode
shapes of the optical system. The pointing sensitivity coefficients (also referred to as
line of sight sensitivity coefficients in the literature) can be calculated by obtaining the
pointing error due to unitary displacements on each of the degrees of freedom that are
being analyzed. Then, the frequency response function (FRF) is obtained using modal
analysis, and the PSD response is obtained through the FRF and the input force PSD
functions. Finally, the pointing jitter can be obtained via the pointing sensitivity
coefficients [121, 122]. An analysis of the pointing jitter for the FSOC terminal of the
Mars Laser Communications Demonstration Project is presented by Doyle et al. [123]

3.4.3. Surface deformations of optical components
In case the vibrations of the satellite are strong in magnitude, significant elastic de-
formations will be induced in the optical surfaces. Thermal loads will also create
thermo-elastic deformations of the surfaces of the optical components. These, in turn,
will create optical aberrations (see Fig. 3.7b) that will also affect the performance of
the link. Surface deformations will occur together with changes in volume on the op-
tical components that affect the optical path length. The thermo-elastic phenomena
are partially governed by the properties of the materials in the optical assembly of the
system. The relevant thermo-elastic properties for the materials used in the infrared
are discussed in detail by Klocek [124].

Surface deformations induced by thermal static or transient loads are usually com-
puted through finite element analysis (FEA) and/or finite difference analysis (FDA)

2Also referred to as foresight pointing error or static pointing error in the literature
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(a) (b)

(c) (d)

Fig 7: Opto-thermo-mechanical phenomena (a) Rigid body motions of optical components in-
ducing pointing jitter (b) Surface deformations of optical components inducing WFE (c) Thermal
dispersion on refractive elements (d) Stress birefringence in a polarization beam splitter
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Figure 3.7: Opto-thermo-mechanical phenomena (a) Rigid body motions of optical
components inducing pointing jitter (b) Surface deformations of optical components
inducing WFE (c) Thermal dispersion on refractive elements (d) Stress birefringence
in a polarization beam splitter

[125]. The heat transfer problem can be computed through any of the methods, while
the thermo-elastic problem is usually solved by FEA [100, 126–128].

To compute surface deformations induced by in-orbit vibration loads, the surface
deformations are computed with FEA and statistical energy analysis (SEA). The first
is used to obtain the response to low excitation frequencies, which enables a more
deterministic analysis of the system. SEA [129] is used to compute the behavior of
the system for high excitation frequencies because the deterministic methods become
too sensitive to structural details for these frequency bands [117] (see Fig. 3.8). Other
approaches consist of using stochastic FEA or hybrid FEA-SEA models [130].

3.4.4. Thermal dispersion on refractive optical components

Refractive optical materials used in FSOC components exhibit a temperature-dependent
index of refraction. The dependence on the index of refraction due to the variation of
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Figure 3.8: Modeling techniques for vibration transmission for different frequency
bands. Adapted from Calvi et al. [117]

temperature can be expressed as [131]

dn

dT
=
(
∂n

∂T

)
ρ

+
(
∂n

∂ρ

)
T

(
∂ρ

∂T

)
(3.3)

the first term is the change in the index of refraction solely due to the change in
temperature, while the second represents the change in the index of refraction due to
the temperature-induced change in the densities of the material. A detailed theoretical
expression of each of the terms presented above can be obtained through the theory
of thermo-optic dispersion for solids presented in [132, 133]. It is important to remark
that although the coefficient of thermal expansion is also captured in Eq. (3.3) through
the factor ∂ρ/∂T , the optical path difference created in a ray due to the thermal
expansion of the material has to be added to that created by the change in the index
of refraction. Hence, the optical path length (OPL) and therefore the WFE for a
thermally loaded material must be computed as

OPL =
∫ L′

0
n(s, T ) ds (3.4)

where s is the path followed by the ray, n(s) will be obtained through dn/dT and L′ is
the thermally expanded length of the path that the ray travels. The thermally induced
optical path difference is obtained directly by combining the two factors explained
above: the change in the index of refraction and the thermal expansion of the material
[134, 135]. The thermo-optic coefficients for the typical materials used in infrared
refractive optical components are presented by Klocek [124]. Rogers et al. [136]
analyze the importance of the accuracy in the value of dn/dT for large operational
temperature range scenarios (as could be the one for satellite FSOC terminals). The
importance of making custom measurements of this parameter for wide operational
temperature range applications is emphasized in the study.

The thermal load will induce a gradient index profile in the optical component that
results in a non-nominal OPL for each ray [137], and therefore a WFE as illustrated
in Fig. 3.7c. Two ways of computing the thermal dispersion in refractive components
with ray tracing algorithms are discussed by Michels et al. [137].
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3.4.5. Stress birefringence of the optical refractive components
Finally, stress states due to the external loads on the refractive optical components
will create a stress state that will induce birefringence. Optical birefringence is an
anisotropic phenomenon in which the index of refraction of the material depends on
the polarization and the propagation direction of light. Some materials are birefringent
in nature, while others will become birefringent when subjected to a stress field. In
the latter, the stress field will vary the dielectric impermeability tensor βij , therefore,
varying the index of refraction of the material in an anisotropic manner [63]. Math-
ematically, this phenomenon is usually represented via the stress-optical coefficient
tensor qijkl

∆βij = qijklσkl (3.5)

where σkl are the components of the stress state tensor in each point of the domain,
and the subindices represent the spatial coordinates. For isotropic materials, the vari-
ation in the dielectric impermeability will create a difference between the two principal
optical indices in the electromagnetic waves perpendicular to the ray direction (result-
ing in an anisotropic behaviour). Hence, the principal optical axes will coincide with
the principal stress axes, and retardation between the orthogonally polarized waves
will be produced as depicted in Fig. 3.9. This retardation is equivalent to a change
in the polarization state of the beam. Furthermore, the phase retardation in each of
the optical principal axis components of the electromagnetic wave will induce a WFE
in the light that can be approximated as the average of the OPL differences of each
of these components [128]. Moreover, the beam can split into two beams due to the
birefringence, but this effect is so small in FSOC that it can usually be neglected
[138]. It is important to mention that stress birefringence will also occur in nominally
birefringent materials often used in optical systems for polarization manipulation.

For an isotropic material subjected to a hydrostatic stress state, Eq. (3.5) will yield
an isotropic index variation. Therefore, in the latter, no change in the polarization
state will be induced by the hydrostatically stressed element. Hence, only stress dis-
persion of the index of refraction will occur in this element, i.e., an isotropic variation
of n.

The stress birefringence phenomena can be modeled with Jones calculus [139] by
transforming the Jones vector through rotation and retardation matrices as presented
in Yiu et al. [138]. Jones calculus represents the polarized light as a vector, and the
optical components are represented as matrix operations changing these vectors. To
compute the effects of stress birefringence, the Jones matrix of the stressed element
has to be computed. In order to do so, the stress state tensor in the domain points
encountered by the ray path has to be obtained in a FEA structural mechanics software
[138, 140, 141]. When the optical modeling of the system under study is done through
wave optics instead of ray tracing, Eq. (3.5) is used to compute the variation on
the index of refraction in every direction in each element of the domain, and the
wave equations are solved, assigning the calculated values to each element in the
domain [142]. The effect of stress-induced birefringence in a cube polarization beam
splitter used in an optical circulator (widely used in FSOC systems), was analyzed by
Doyle et al. [143], where the effect of the temperature and stress in the WFE and
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the polarization state are analyzed through a combination of FEA and ray-tracing
software.

In an FSOC terminal onboard a satellite, the opto-thermo-mechanical phenomena
explained above act altogether, creating a strongly coupled opto-thermo-mechanical
problem. Therefore, to simulate the optical performance of the system, all the phe-
nomena above have to be included simultaneously in the model. The approach for
modeling opto-thermo-mechanical phenomena combining mechanical, thermal, and
optical modeling techniques is presented in Fig. 3.10. These multiphysics modeling
techniques that analyze the coupled opto-thermo-mechanical phenomena are gener-
ally referred to as structural, thermal, and optical performance (STOP) analysis in
the literature [128, 144–146]. As shown in Fig. 3.10, there are cases in which the
opto-thermo-mechanical analysis has to be done in an iterative process, such as when
the laser beam itself is the source of heat [113]. This is usually not the case for FSOC,
and the vast majority of opto-thermo-mechanical phenomena can be characterized by
following the diagram in Fig. 3.10 non-iteratively from top to bottom. The thermal
and mechanical effects on the optical performance can be analyzed with several ana-
lytical and/or numerical methods depending on the complexity of the problem that is
being modeled. Analytical methods can be used when the boundary conditions and
the geometry of the system are simple. The increasing complexity of any of them in-
creases the necessity of numerical methods to model the problem. A summary of the
different commercial software available to model opto-thermo-mechanical problems is
presented by Heijmans et al.[147]. An example of a complete STOP analysis done by
combining the methods presented in this section is given by Driscoll et al. [148] for
the beam expander telescope onboard the NASA Psyche Deep Space Optical Commu-
nications mission. The STOP analysis enables the calculation of the permitted WFE
to maintain the beam divergence required below 14.5 µrad over a temperature range
of 80◦C. Furthermore, some of the key challenges, such as maintaining the alignment
between the primary and secondary off-axis mirrors, are discussed.

The optical performance of the system has been characterized via pointing jitter,
WFE, and polarization state in this section. The following section explains how these
optical parameters affect communication performance on an FSOC link.

3.5. Impact of opto-thermo-mechanical phenomena on FSOC
The pointing jitter, WFEs, and polarization state changes induced by the opto-thermo-
mechanical phenomena on the optical terminal onboard the satellite will impact the
performance of the FSOC link. This section presents the methods to quantify the
impact on the communication link due to these phenomena. A classification has
been created according to where the phenomena occur (transmitter or receiver) and
the type of optical effect created by these (jitter, WFE or polarization change). In
the subsections below, the impact on communication of each of these effects acting
separately is explained. It is worth mentioning that while some FSOC terminals act as
transceivers, the following classification categorizes the opto-thermo-mechanical effects
affecting terminals, whether they operate as transmitters or receivers. In the remainder
of this section, the use of transmitter and receiver terminals refers to terminals (that
also include transceivers) operating as such.
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Figure 3.9: WFE induced by stress birefringence in optical components. In the figure,
the linear polarization of the incoming ray is changed to an elliptically polarized one.
σij and τij are the normal and shear stress components of the element. δ12 is the
retardation induced by the stress state between the light polarized parallel to the optical
axes 1 and 2. Being 1 and 2 the principal stress axes perpendicular to the ray path

Property Use in
FSOC

Effect of opto-thermo-mechanical phenom-
ena

Amplitude Modulation A minimum amplitude of the light field is required
on the receiver side in order to detect the signal.
The amplitude of the light field entering the receiver
is affected by opto-thermo-mechanical phenomena
(see §3.5).

Phase Modulation,
Multiplexing

Apart from phase modulation, the spatial distri-
bution of the field’s phase can generate orthogonal
beam modes that can be used for multiplexing. Un-
expected changes in the phase due to opto-thermo-
mechanical phenomena are detrimental for the sys-
tem.

Wavelength Modulation,
Multi-
plexing,
Tx/Rx

The wavelength of the light field is a key link pa-
rameter mainly dependent on the channel character-
istics (atmosphere, vacuum...) and available hard-
ware. Deformations of optical components due to
opto-thermo-mechanical phenomena can be more
restrictive in shorter wavelengths (see §3.5.2).

Polarization Modulation,
Multi-
plexing,
Tx/Rx

The polarization state of light can be perturbed
by opto-thermo-mechanical phenomena, yielding to
crosstalk and BER (see §3.5.5)

Table 3.1: Properties of light used in FSOC and a brief description of how they are af-
fected by opto-thermo-mechanical phenomena. Tx/Rx refers to the separation between
transmitting and receiving light.
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Figure 3.10: Road-map for modelling opto-thermo-mechanical phenomena, STOP
analysis. The loads (boundary conditions necessary to solve the problem) are shown in
red boxes. The models and their results are shown in blue and light blue boxes, respec-
tively. Finally, the parameters to characterize opto-thermo-mechanical properties are
shown in white boxes. The dashed-dotted line shows the iterative process for scenarios
in which the optical performance determines the thermal loads.

To evaluate the impact of the phenomena presented above in the communication
performance, the effect of these phenomena in the transmission equation is evaluated
first. The transmission equation is used in FSOC to evaluate the value of the signal
intensity at the receiver’s detector. The Friis transmission equation can be written as
[149]

PR = PT GT µT LS LPJT LA GR µR µC (3.6)

where PR is the instantaneous received power, PT is the average transmit power, GT
is the transmit antenna gain, µT is the transmitter feeder loss, LS is the space loss,
LA is the term grouping all atmospheric effects, LPJT is the transmitter pointing jitter
loss, GR is the receiver antenna gain, µR is the receiver transmission loss, and µC is
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the fiber coupling loss3.
Furthermore, the different noise sources appearing in the communication link can

be computed to obtain the total noise [64]. Combining the transmission equation and
the noise, the signal to noise ratio (SNR) of the communication link can be obtained.
The probability that a transmitted information bit is read incorrectly at the receiver
is called the bit error rate (BER). The BER is evaluated through the SNR of the
communication link according to the modulation technique used.

The impact on the communication performance of the opto-thermo-mechanical
phenomena stated above is evaluated by assessing how these phenomena alter the
values of the received intensity, the cross-talk between multiplexed signals, and fi-
nally the BER (see Fig. 3.1). In what follows, satellite-to-satellite links are mainly
discussed to quantify the impact of opto-thermo-mechanical phenomena. Satellite-to-
satellite scenarios are discussed because of the absence of atmospheric effects in the
link, hence isolating the impact of opto-thermo-mechanical phenomena solely. How-
ever, the phenomena discussed in this section can be translated to other scenarios (e.g.
satellite-to-ground) by including the relevant atmospheric effects.

3.5.1. Transmitter pointing jitter

In order to assess the impact of the pointing jitter and the aberrations in the com-
munication link, a distinction must be made according to where these phenomena
occur, i.e., in the transmitter or in the receiver. For the sake of explanation, an inter-
satellite communication scenario is considered. The pointing jitter in the transmitter
(Fig. 3.11), created primarily due to the rigid body motions of the satellite and the
optical components in the terminal due to microvibrations, will degrade the commu-
nication by diminishing the signal intensity received in the receiver’s aperture (see
Fig. 3.12a). This is usually quantified in the link budget by introducing a pointing
jitter loss LPJ in the transmission equation Eq. (3.6). In general, the contribution of
the microvibrations to the pointing jitter will be added to many other pointing errors
(see Fig. 2.2 by Hemmati [64]). The instantaneous loss due to the transmitter point-
ing jitter can be expressed for a Gaussian beam at the aperture of the transmitting
telescope as [150]

LPJT = exp
(
−GTθ

2
T
)

(3.7)

where GT is the antenna gain and θT is the angle radial pointing error. For a Gaussian,
non-aberrated beam, the wavefront at sufficiently large distances (when the distance
between the terminals is much bigger than the Rayleigh range) will be a spherical
surface centered on the transmitter terminal. Hence, the electromagnetic field entering
the aperture of the receiver can be considered as a plane wavefront. Under random
vibrations, such as those experienced by the onboard optical terminal, θT will be
characterized by a PDF (Eq. (3.1) and (3.2)). For a link using a Gaussian beam and
under transmitter pointing jitter given by a Rayleigh PDF (Eq. (3.1)), the PDF of
the intensity at the receiver aperture is described by a beta distribution [151] (see also

3Atmospheric effects are not considered in this chapter. Opto-thermo-mechanical phenomena onboard
satellites will not impact the value of LA
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Figure 3.11: Definition of the transmitter and receiver pointing jitter. The continuous
line represents the direct line of sight between the transmitter and the receiver, con-
necting the central point of both apertures.

App. D)

p(I) = β I(β−1) where β = w2
0

4σ2 for 0 ≤ I ≤ 1 (3.8)

where w0 is the beamwaist of the Gaussian beam, I is the normalized intensity, and the
average intensity is given by Iavg = β/(β+1). 4 Therefore, the average intensity in the
receiver’s aperture can be obtained by combining the far-field Fraunhofer diffraction
intensity profile in the receiver’s aperture plane and the PDF of the θT . Through
this reduction of the average intensity of the signal, the SNR will decrease, giving
an increase in the BER. For different modulation techniques [152, 153] and receiver
architectures (direct or coherent) [149, 154], different BER models will be used to
compute the effect of transmitter pointing jitter in communication.

Furthermore, the pointing jitter will also affect the communication performance of
multiplexed links. The transmitter’s pointing jitter could create cross-talk between the
signals multiplexed in the same beam. This effect is significant in OAM multiplexed
links because of the spatial dependence of this multiplexing technique. The result of
the transmitter pointing error in OAM multiplexed FSOC is discussed Xie et al. [34],
Li et al. [155] and Dabiri et al. [156]. In mode-division multiplexed links that make
use of other orthogonal beam modes (e.g., Hermite-Gaussian beams) to multiplex
the signal, the transmitter pointing error can also be a potential source of crosstalk
between the signals [157].

3.5.2. Transmitter wavefront error
The WFE induced by the thermo-mechanical phenomena occurs in both transmitter
and receiver terminals. The WFE induced in the transmitter can result in a decrease
of the intensity at the aperture plane of the receiver and an increase in the beam
4This equation considers that the beamwidth of the beam in the aperture plane of the receiver is
much larger than the receiver aperture size. In this way, the variation of the intensity across the
aperture is negligible (see App. C).
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(a)

(b)

(c)

Fig 12: Impact of opto-thermo-mechanical phenomena in FSOC (a) Transmitter pointing jitter, the
white dashed-line and the black line are the intensity profile of the beam with and without pointing
error respectively (b) Transmitter WFE, the white dashed-line and the black line are the intensity
profile of the beam with and without WFE respectively (c) Receiver pointing jitter and WFE, the
red line is the intensity profile of the mode of the fiber, the black dashed and continuous lines are
the intensity profile of the focused light with and without WFE and pointing jitter, respectively

34

Figure 3.12: Impact of opto-thermo-mechanical phenomena in FSOC (a) Transmitter
pointing jitter, the white dashed-line and the black line are the intensity profile of the
beam with and without pointing error respectively (b) Transmitter WFE, the white
dashed-line and the black line are the intensity profile of the beam with and without
WFE respectively (c) Receiver pointing jitter and WFE, the red line is the intensity
profile of the mode of the fiber, the black dashed and continuous lines are the intensity
profile of the focused light with and without WFE and pointing jitter, respectively
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divergence angle (Fig. 3.12b). It is important to mention that although the figure
shows an increase in the divergence of the beam due to the WFE this is not necessarily
always the case, as it depends on the specific wavefront error under analysis (as it will
be analyzed in §6). This effect can be quantified by propagating the field at the
aperture of the transmitter to the aperture plane of the receiver through Fraunhofer’s
diffraction. Yang et al. [158] analyzed the impact of the transmitter WFE in an FSOC
communication link using on-off keying modulation. This analysis shows that for the
same root mean square value of the primary aberrations, coma aberration will have
the largest impact while spherical aberration the least (see also §6).

Requirements on the maximum WFE for FSOC are dependent on the specific link
parameters, but usually WFERMS < λ/30 for the on-axis field of view and WFERMS <
λ/15 for the whole field of view are a good rule of thumb for a preliminary terminal
design in the wavelengths used in FSOC [148, 159, 160].

As explained in §3.3.2, the laser beam itself can induce thermo-elastic deformations
in optical microcomponents without enough thermal sinking, such as the microelec-
tromechanical mirrors [113]. This type of load will only occur in the transmitter
terminal because the intensity of the received signal in the receiver will usually be
orders of magnitude below that of the transmitter.

3.5.3. Receiver’s pointing jitter
The receiver’s pointing jitter (see Fig. 3.11) will create a random beam walk-off at
the detector plane. The impact on the communication performance of this random
beam walk-off will be dependent on the architecture of the receiving terminal. If the
photodetector is sufficiently large that the focal spot radius is contained within it,
then the degradation due to the random walk-off is negligible. When the detector is
not big enough, then the effect on the intensity received can be computed through the
degradation factor proposed by Zaman et al. [149]. In fact, the pointing jitter in the
detector will have the largest effect when the incoming link is coupled into an optic
fiber onboard the receiver’s terminal (see Fig. 3.12c).

When the communication system couples the receiving light to a fiber through
a coupling lens, the pointing jitter will decrease the fiber-coupling efficiency. The
instantaneous fiber coupling efficiency can be calculated in the presence of receiver
pointing jitter, θR, for both single-mode [161] and multi-mode [162] fibers as:

ηC,mn = PC
PA

=
∣∣∫ ∫ ∫

A
Es(θR, ρ, ϕ) E∗

mn(θT , ρ, ϕ) p(θR) ρ dρ dϕ dθR
∣∣2∫ ∫

A
|Es(ρ, ϕ)|2 ρ dρ dϕ

(3.9)

where ηC,mn is the coupling efficiency of the LPmn mode 5, PC is the power coupled
in the fiber and PA is the total available power at the aperture of the coupling lens
(considering negligible the transmission losses through the terminal, this is equal to
the power available at the aperture of the receiver). Es is the electric field in the focal
plane, Emn is the fiber mode corresponding to mode LPmn and {ρ, ϕ} are the polar
coordinates at the fiber coupling plane. p (θR) is the PDF of the receiver’s pointing
jitter. This coupling efficiency can then be introduced to the Gaussian-Q function
5LP mode refers to the characteristic linearly polarized modes of the fiber optic considered
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using the theory shown in [149] to obtain the BER (although this is not the kind of
coupling considered in the chapter, the rationale behind the approach is equivalent).

When the link is OAM multiplexed, the receiver’s pointing jitter will also induce
crosstalk between the multiplexed signals, similarly to the case of the transmitter jitter
[34]. The crosstalk in the case of the receiver’s pointing jitter is due to a tilted phase
added to the phase of the OAM multiplexed beam at the receiver plane.

3.5.4. Receiver’s wavefront error
As for the WFE induced on the optical terminal of the receiver, the spot at the detector
plane will increase in size and move its position. Usually, these two effects created
by thermo-mechanical loads on the satellite are small enough that the spot remains
contained within the detector [116, 158].

However, when the incoming beam is coupled into a fiber (see Fig. 3.12c), the WFE
induced by the thermo-mechanical phenomena in the receiver terminal will decrease
the coupling efficiency [163, 164]. This effect can be computed by obtaining the field
Es in the focal plane of the fiber coupler in the presence of WFE in the receiver, and
using Eq. (3.9).

The overall effects in the communication performance due to all the phenomena
presented above can be quantified for an on-off keying modulation scenario through
the BER [149, 150]:

BER =
∫ ∞

0

∫ ∞

0

1
2erfc

(
Q(θT ,WFET , θR,WFER, S)√

2

)
p(θT ) p(θR) dθT dθR (3.10)

where Q is the Gaussian-Q function, and S represent the design parameters of both
terminals. Therefore, all the effects presented above can be quantified through the
Gaussian-Q factor defined as:

Q(θT ,WFET , θR,WFER, S) = iD−1 − iD−0

σN−1 + σN−0
(3.11)

where iD−1,0 is the instantaneous signal current at the detector and σN−1,0 is the noise
variance for the 1 and 0 bits, respectively. The instantaneous signal current values
are affected by the pointing jitters and WFE in both the transmitter and the receiver
(therefore are dependent on the parameters {θT ,WFET , θR,WFER, S}, not explicitly
shown in the equation above for simplification). The pointing jitter and the WFE
of the transmitter will reduce the value of instantaneous signal current through the
reduction of the power received at the aperture plane of the receiver. The pointing
jitter of the receiver will reduce the signal current by affecting the degradation factor
[149]. Finally, the WFE in the receiver will reduce the instantaneous current signal
by a fiber coupling efficiency reduction.

3.5.5. Polarization effects
As stated in §3.1, the polarization property of the laser beam can be exploited for
communication purposes in FSOC. Therefore, changes in the polarization state due to
stress birefringence can affect the performance of the link [54, 165]. There are several
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devices (see §3.2) in FSOC terminals that can be affected by stress birefringence and
therefore affect the polarization of the beam. The most susceptible component on a
terminal to polarization effects is the polarization beam splitter (PBS), which is used
to split the incoming beam into two orthogonally polarized beams. In the presence
of stress birefringence, crosstalk between the two output beams could occur due to
a change in polarization induced by the stress field [143]. This could, in turn, yield
several effects depending on the role polarization is playing in the communication link:

• If the beam is linearly polarized and to be used in a coherent detection system,
then the changes in polarization due to stress birefringence (both in transmitter
and receiver) will yield a reduction in the intensity received at the detector
and therefore an increase in BER. In this case, an effort has to be made to
assure that the polarization is maintained within boundaries in the adverse space
environment [54]. The maintenance of polarization required for this kind of link
is quantified through the polarization extinction ratio (PER).

• If polarization modulation is used in the link, then the change in polarization will
directly increase the BER due to the higher probability of receiving an erroneous
bit value.

• If polarization division multiplexing is used in the link, then crosstalk between
the signals multiplexed in the same beam could occur.

In this section, several optical performance parameters that are affected by opto-
thermo-mechanical phenomena have been investigated. An overview of these param-
eters, the metrics used for their characterization, and a summary of their effects in
FSOC are presented in Tab. 3.2.

3.6. Mitigation techniques
The opto-thermo-mechanical phenomena in an FSOC satellite can greatly impact the
communication performance as stated before. In order to diminish the impact of these
phenomena, several mitigation techniques can be applied. In this section, a review of
these techniques is presented.

The mitigation techniques are classified according to the source of the opto-thermo-
mechanical phenomena (i.e., in-orbit microvibrations or thermal loads). It has been
seen before that these sources could create similar opto-thermo-mechanical phenomena
and therefore have an effect on the same optical performance parameters (see Fig. 3.1).
On the one hand, microvibrations will mainly create rigid body motions (of both the
satellite and components) and therefore pointing jitter, the mitigation techniques as-
sociated with these items are covered first. On the other hand, the thermal sources
will mainly create surface deformations, stress birefringence, and thermo-optical dis-
persion. These will, in turn, give polarization effects and WFE of the system. Hence,
the mitigation techniques related to these items are covered second.

3.6.1. Microvibrations
In order to reduce satellite microvibrations and diminish their detrimental effects on
FSOC, mitigation techniques can be applied on several layers. The first layer includes
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Phenomenon Performance
metrics

Effect on FSOC

Pointing er-
rors

Angular
pointing jitter
PDF and σ2 (see
Eq. (3.1)-(3.2))

Transmitter pointing error decreases the sig-
nal on the receiver. Receiver pointing error
changes the angle of incidence of the incom-
ing beam, reducing fiber coupling efficiency.
In spatially multiplexed beams, pointing er-
rors cause crosstalk between channels.

Wavefront
errors

Zernike
coefficients of
the WFE and
WFERMS

Transmitter WFE reduces far-field intensity
along the beam axis. Receiver WFE lowers
fiber coupling efficiency. In spatially multi-
plexed beams, WFEs also introduce crosstalk.

Polarization
effects

PER Depending on how polarization is used, this
may reduce received intensity, introduce bit
errors, or cause crosstalk.

Table 3.2: Optical performance parameters affected by opto-thermo-mechanical phe-
nomena, their performance metrics, and their effects on FSOC.

reducing the microvibrations onboard by smart design of the attitude determination
and control system (ADCS) and structural system of the satellite. These mitigation
techniques are common to any satellite that require good pointing stability on their
specific application (e.g., Earth observation, astronomy). Three different measures
can be taken at this layer, classified according to where in the satellite the measure is
applied [166]:

• Microvibration source suppression. The intensity of some of the internal mi-
crovibration sources listed in §3.3.1 can be suppressed or reduced by a proper
design of the systems involved, as presented by Li et al. [166]. Special attention
must be dedicated to the reduction of the reaction wheel microvibrations as this
is one of the main sources of microvibrations [76, 167]. Furthermore, opera-
tional improvements can be made to suppress or reduce the intensity of these
sources [168]. This could mean turning off some of the equipment or limiting
the operation ranges of these whenever possible. The latter could be applied
by not operating the satellite communication under the thermal snap induced
microvibrations when entering or going out of the eclipse.

• Terminal isolation. As shown in Fig. 3.13 the terminal can be isolated through
both passive and active isolators. A review of the techniques to isolate the
optical terminal from the spacecraft microvibrations is presented by Liu et al.
[169] The isolation techniques developed for other space-borne instruments can
be transferred to FSOC systems. Hyde et al. [170] present a specific example of
the use of a passive hexapod isolation system for FSOC.

• Structural transmission path suppression. The microvibrations arriving at the
payload will be transferred to the optical relay of the terminal as represented



56 3. Satellite Free-Space Optical Communications

in Fig. 3.13. Through a detailed structural dynamics analysis [130] and the
optimization of the optical mounts for the different components, the vibrations
can be isolated on a component level through the transfer path suppression
technique. The analysis of such a technique to design the supporting structure
of a satellite FSOC telescope is presented by Nevin et al. [159] This mitigation
technique can also be applied at a more general satellite level, for the design of the
bus structure and the optimization of the location of the internal microvibration
sources (e.g., reaction wheels and solar array drive mechanism).

Each of the microvibration suppression and isolation techniques described will have
an effect on different frequency ranges of the PSD of the microvibration (see Fig. 3.5).
Several examples of the different methods of suppression and isolation are presented
in Tab. 3.3, stating the frequency ranges in which they will attenuate the PSD of the
microvibration. High-frequency microvibrations, above 500 Hz, have a much lower
influence on the pointing jitter and are usually suppressed by the structure itself
(transmission path suppression) [171].

The second layer would be to use active correcting components on the optical
terminal to compensate for microvibrations (i.e. CPA and FSM). An extensive survey
of the available fine and coarse steering mechanisms that can be used in mobile FSOC
terminals, such as a satellite terminal, is presented by Kaymak et al. [172]. Different
fine steering architectures are investigated by Miller et al. [173], and the impact of
including a fine steering assembly in a satellite communication terminal is quantified in
the satellite-to-ground experiment onboard Micius [81]. The terminal microvibration
requirements can also be relaxed through the use of wide-field angle receivers [174].

Finally, the mitigation of the impact of microvibrations on FSOC systems can be
attained through the shaping and modulation of the laser beam itself. Beam size
optimization can be used to reduce the impact of transmitter pointing jitter [118, 152,
175, 176], receiver pointing jitter [161] or a combination of both [177] –this will be
analyzed in detail in Part III. The impact of the pointing jitter in different modulation
techniques [152, 154, 178] and different terminal architectures [149] will determine the
optimal combination of these to minimize the effects of pointing jitter in FSOC.

Low-frequency
(< 5 Hz)

Mid-frequency (5 Hz − 500 Hz)

Source Drag free tech-
nology, mul-
tifunctional
attitude control

Fluid viscous damper, viscoelastic mate-
rials, magnetorheological damper, particle
damper, tuned mass damper, metal rubber
dumper, voice coil damper, piezoelectric hy-
brid damper, electromagnetic hybrid damper

Payload
isolation

Drag free pay-
load

Magnetic flux pinning

Transmission
path

Metamaterial
damper

Metamaterial damper

Table 3.3: Spacecraft microvibration suppression methods and frequency ranges atten-
uated by them [171]
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Figure 3.13: FSOC satellite microvibration mitigation techniques. Microvibrations
at different system levels of the satellite are represented through red arrows. ADCS
system in the bus is depicted to represent one of the many possible onboard vibration
sources

Other mitigation techniques that are not specific but can also attenuate the effects
of microvibrations can be found in the literature [49, 179]. The right combination of
the previously presented mitigation techniques will enable the optimal design of the
communication system.

3.6.2. Thermal phenomena
The effects induced by thermal loads and their impact on an FSOC satellite can be
mitigated in several ways. Given that the thermal loads will mainly create surface
deformations, stress birefringence, and thermo-optic dispersion, the mitigation tech-
niques related to reducing the WFE and polarization effects are considered in this
section (considering the structure presented in Fig. 3.1). Depending on where the
mitigation technique is implemented, these can be classified as:

• Satellite thermal control. Proper control of the external (see Fig. 3.6) and inter-
nal thermal loads on a satellite level can be achieved through different techniques
[93, 180, 181]. Both active and passive thermal control mechanisms will help to
obtain a more stable operating temperature environment for the terminal. Fur-
thermore, the thermal management of internal heat loads is paramount when
these loads are high (e.g. EDFA). An example of a passive thermal management
technique onboard the TBIRD satellite terminal is done by placing the compo-
nents that generate most of the heat close to the external faces of the enclosure,
increasing their radiation to space [111].

• Component design and athermalization. It is not possible to achieve a com-
pletely constant and uniform temperature in the satellite with the satellite-level
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thermal control techniques. Therefore, the optical mounts and components of
the terminal must be carefully designed to reduce the mechanical stresses and
deformations under the given thermal environment. In this way, the WFE and
stress birefringence phenomena can be reduced. The stability of the optical per-
formance of the terminal under the cyclic thermal space environment can be
achieved by athermalizing optical components [182]. To do so different design
parameters such as geometry (flexures [183]), materials, and coatings (attending
to their thermomechanical and thermo-optical properties) have to be combined
to achieve the optimum solution [159]. A combination of these techniques is
presented for a catadioptric telescope design for an FSOC satellite by Rahman
et al. [184] and in the design of the FSOC TBIRD terminal[112]. A hermetic
sealing of the mirror inside a container filled with inert gas has been proposed
to create convection thermal transfer and mitigate the effects of thermal loads
in a microelectromechanical FSM [113].

• WFE compensation. The relative effect on the propagation of the transmitter
WFE on different beam profiles will be different. In links where non-Gaussian
beams are used for purposes such as multiplexing [67] or atmospheric turbu-
lence mitigation [185], the link could also be more resilient to the effects of the
transmitter WFE. In this way, the requirements for the WFE in the transmitter
terminal could be relaxed. On-ground receiver terminals using adaptive optics
systems to compensate for the atmospheric turbulence [163, 186], can also cor-
rect for the WFE induced by opto-thermo-mechanical phenomena. In this way,
the coupling efficiency can be increased when an optical fiber is used for the de-
tection of the signal. Adaptive optics systems onboard satellites have also been
proposed to correct for the aberrations produced in satellite FSOC terminals
[187].

• Polarization compensation. An active compensation in the receiver side to cor-
rect for polarization mode dispersion occurring in optical fibers is presented by
Nabavi et al. [188]. This method could be applied on optical coherent receivers to
compensate for polarization mode dispersion created by opto-thermo-mechanical
phenomena in FSOC.

The WFE and polarization compensation techniques should not be applied as the main
solution to reduce the impact of these induced by opto-thermo-mechanical phenomena
in the communication link. These solutions require complex active systems that are
difficult to qualify and operate onboard satellites. Instead, thermal control techniques
and smart component design should be applied to reduce the WFE and the change in
polarization state created by opto-thermo-mechanical phenomena.

3.7. Future work
To improve the communication performance of FSOC, several challenges related to
the opto-thermo-mechanical phenomena occurring in the optical terminals have to be
studied.
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The pointing accuracy of the transmitted beam is one of the key performance
parameters on FSOC links. The classical solutions for steering the beam have been
mainly based on mechanical PAT mechanisms, such as gimbals and FSMs. However,
during the last years, non-mechanical beam steering systems have raised a lot of inter-
est in the field due to their lower weight and bulkiness, and their extended operating
lifetime [189]. Several non-mechanical beam steering mechanisms have been proposed
for their application in FSOC [190]. There is a vast diversity of non-mechanical beam
steering techniques such as based liquid crystal devices [191–193], optical phased ar-
rays [194], and focal plane switch arrays [195]. Furthermore, several techniques have
been proposed to simultaneously steer and shape the beam, combining the previous
with variable focal lenses [189, 196]. Further research is required to enable the use of
these devices in FSOC terminals in space, especially regarding their performance and
lifetime under the periodic temperature changes to which they would be exposed.

Some of the non-mechanical beam steering techniques presented above are based
on integrated photonic circuits [194]. In fact, integrated photonic devices are cur-
rently being investigated for their application in FSOC. Especially in the space seg-
ment, FSOC terminals would hugely benefit from the multifunctionality and small
size of these devices [197, 198]. Many applications have been proposed for the use
of integrated photonic devices in FSOC [199–201] and more specifically in spacecraft
terminals [202]. The effects of radiation and thermal loads in space can be critical for
the operation and lifetime of these components [203, 204]. Furthermore, the optical
powers onboard the satellites can sometimes be too high for integrated waveguides
due to non-linear effects [202]. Further research on the radiation hardness and the
thermal management of these devices will be key for their implementation in FSOC
satellite terminals.

As it has been mentioned in §3.6, adaptive optics systems could be used to com-
pensate WFE due to opto-thermo-mechanical phenomena onboard satellites. Firstly,
adaptive optics systems in space to correct perturbations due to opto-thermo-mechanical
phenomena [205] have been studied in depth for their application in astronomical tele-
scopes [206–209]. Furthermore, adaptive optics have been widely used in the ground
segment of FSOC systems during the last decades for correcting atmospheric dis-
tortions [210]. However, little research has been done on the use of adaptive optics
systems onboard FSOC satellite terminals [187], to compensate for WFE generated
by both atmospheric and opto-thermo-mechanical phenomena.

The benefits of mechanical metamaterials for vibration isolation can be exploited in
space applications in the future [211]. Periodic macroscopic lattice cell structures can
be customized with the aid of additive manufacturing to obtain the desired vibration
mitigation characteristics. Combining the design flexibility with the low mass, the
use of these metamaterials seems to be promising for satellites using FSOC. Studies
on the applicability of these to FSOC satellites and their qualification for the space
environment should be investigated in the coming years [212].

Due to their versatility and low mass, diffractive optical elements have been pro-
posed for FSOC for signal multiplexing [213, 214], multi-beam transmitter design [215],
system size reduction [216, 217] and beam spot size reduction [218]. Although ather-
malization of diffractive elements has been investigated previously [219, 220], a better
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understanding of the opto-thermo-mechanical phenomena in this type of component
is required to be used in FSOC satellite terminals.

Similar to diffractive optics, metasurfaces have shown to have several benefits com-
pared to classical refractive and reflective optics used generally in FSOC [221]. The
metasurface technology is maturing rapidly and will enable a lot of new possibilities
for FSOC, e.g., compact wide-field-angle receivers [222] and multiplexing [223, 224].
The opto-thermo-mechanical behavior of these components and their impact on com-
munication have to be further understood to extend their applicability to satellite
terminals in the future. Some opto-thermo-mechanical phenomena occurring in meta-
surfaces have already been investigated in mechanically [225, 226] and thermally [227]
tunable metasurfaces.

Considering the impact of the pointing jitter, WFE and polarization on the com-
munication link, several research gaps relevant to this work have been identified:

• The impact of pointing jitter and WFE on links with different modulation tech-
niques has to be methodologically assessed –as it will be presented in §5. As a
result, the optimum combination of the requirements on satellite microvibrations
and WFE for different modulation techniques can be derived.

• The combined effect of pointing jitter and WFE on the propagation of different
beam shapes (e.g. Hermite-Gaussian, Laguerre-Gaussian, Top Hat) has to be
assessed.

As has been discussed in the previous section, microvibration suppression on satel-
lite FSOC terminals is key for increasing the performance of the link. The application
of novel microvibration mitigation techniques has to be applied to satellite FSOC ter-
minals; these include drag-free devices, voice coil dampers, and magnetic flux pinning.
Some of the problems that should be investigated in the future regarding microvibra-
tion suppression are presented by Jiao et al. [171].

In a similar manner, novel spacecraft thermal management methods and their
use in satellite FSOC have to be further investigated. Recent advances in spacecraft
thermal control have been significant in both passive and active devices [228, 229].
Research on passive components includes phase change materials for heat storage to
reduce radiator size [230], novel materials such as graphene and aerosols [231], and
multifunctional nanostructured surfaces that modulate the emissivity and absorptivity
to optimize the thermal performance [232]. Miniaturization of active thermal devices,
such as cryocoolers [228] and pumped fluid loops for small satellites [233] will be also
relevant for future FSOC systems.

3.8. Summary
The role of opto-thermo-mechanical phenomena in FSOC and their impact on commu-
nication on satellite terminals have been described in this chapter. The characteriza-
tion of the thermal and mechanical environment to which the terminals are subjected
has been explained. The opto-thermo-mechanical phenomena created by these loads on
FSOC terminals and how to model them have also been described. These phenomena
include satellite rigid body displacements and rigid body motion, surface deformation,
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thermal dispersion, and stress birefringence of the optical components. The impact
of these phenomena on the communication link has been described by categorizing
them according to where they occur (i.e., transmitter or receiver). Furthermore, the
changes in the state of polarization due to the opto-thermo-mechanical phenomena
have also been assessed.

Several mitigation techniques to reduce the effects on the optical performance of
the terminal and to diminish the impact on the link have also been presented. Finally,
research challenges that exist for the development of future FSOC terminals have been
identified. Further investigation on the topics covered in §3.7 will be essential to the
development of future satellite FSOC.





Chapter 4

Satellite Free-Space Quantum
Communications

We have learned that it is possible
to fight entanglement with entanglement

John Preskill

As introduced in §2, light can serve not only as a classical information carrier but also
as a quantum information carrier. Leveraging the quantum properties of light, it is pos-
sible to envision a global quantum information network enabled by spaceborne quantum
communication terminals. However, just as the space environment impacts classical
communication systems (as discussed in §3), it similarly affects their quantum coun-
terparts. In this chapter, we present different space-based quantum key distribution
(QKD) architectures and assess the influence of opto-thermo-mechanical phenomena
on satellite terminals. To this end, the relationship between the physical effects and the
resulting quantum communication performance parameters will be clarified. Finally,
we analyze available mitigation techniques designed to suppress these detrimental ef-
fects.
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4.1. Introduction
Quantum communication is an emerging technology that leverages the principles of
quantum mechanics to enable fundamentally secure information exchange. Unlike clas-
sical communication systems, whose security relies on computational complexity as-
sumptions (e.g., RSA encryption), quantum key distribution (QKD) offers security at
the physical layer [18]. This is particularly relevant given the anticipated development
of large-scale quantum computers, which threaten to render classical cryptographic
schemes vulnerable [26, 27]. Beyond secure communication, quantum communica-
tion constitutes a building block of broader quantum information networks, enabling
distributed quantum computing, entanglement distribution, and advanced metrology
applications [234]. While, in principle, quantum communication can be implemented
using different physical carriers, long-distance quantum communication is most effi-
ciently realized in the optical domain, where photons act as qubits. Photons are well
suited for communication because they are easily transmitted across long distances
and, unlike matter-based carriers, they interact only weakly with the environment [39,
235].

A central challenge in quantum communication is overcoming photon transmis-
sion loss. In optical fibers, losses scale exponentially with distance, imposing fun-
damental limits on long-distance QKD and entanglement distribution. While other
ground-based concepts have been proposed, such as the vacuum-assisted transmis-
sion channels described in [236], these concepts remain technologically demanding.
An alternative approach is to exploit free-space optical channels, where propagation
losses follow the same physical principles as in classical optical communications (see
§3) but scale much more favorably over large distances. In particular, satellite-based
quantum communication has emerged as the most promising method to bridge in-
tracontinental distances, as satellites can overcome the severe attenuation present in
terrestrial fibers [237, 238]. To bridge over even larger distances, space-based quantum
repeater-assisted architectures have been proposed [239].

Over the past decade, numerous reviews have assessed the state of the art of
practical and technological challenges in quantum communications [38, 240, 241],
some of them focusing more on space-based schemes [234, 237, 242–244]. Experimen-
tal demonstrations have been particularly advanced by the Micius satellite mission,
which achieved a series of groundbreaking results, including intercontinental QKD,
satellite-to-ground entanglement distribution, and quantum teleportation [245]. Fol-
lowing that mission, the microsatellite Jinan demonstrated similar capabilities despite
being only one-sixth the weight of its predecessor [246]. Current efforts are also ex-
ploring nanosatellite-based QKD [247], quantum memories for space applications [239],
and diverse architectures for quantum information networks [234, 248].

Despite these advances, the realization of a global satellite-based quantum commu-
nication network faces a wide range of challenges. These include technical issues such
as atmospheric turbulence, scintillation, daylight operation, weather-dependent trans-
mission windows, and background noise, as well as broader challenges such as system
standardization and network integration [234, 249]. Turbulence-induced scintillation is
believed to have a negligible impact on the performance of some QKD protocols [250],
and it has been experimentally proven that turbulence does not significantly change
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the polarization state of light in polarization-encoded QKD systems [251]. However,
atmospheric turbulence reduces the photon detection probability [252, 253], and adap-
tive optics can be used to counteract these effects and improve system performance
[254, 255]. Daylight operation introduces strong background noise due to the sunlight
[256, 257], which requires the implementation of advanced filtering techniques across
spatial, temporal, and spectral domains [249]. Weather effects, such as clouds, further
complicate scheduling and availability [258, 259].

However, in the context of satellite-based QKD, it is also of primary importance
to evaluate the effects that the harsh space environment will have on the performance
of these systems. This chapter focuses specifically on the opto-thermo-mechanical
phenomena induced by space-environmental loads. The aim is not to provide a com-
prehensive review of all challenges in satellite-based QKD, but rather to identify, ana-
lyze, and quantify the impact of opto-thermo-mechanical effects. These include some
of the phenomena already presented in §3, as well as other opto-thermo-mechanical ef-
fects specific to quantum communication links, such as polarization perturbations and
thermal instabilities in single-photon sources and detectors. In this way, this chapter
extends the treatment of technical realizations given in Ref. [237] and complements the
subsystem-oriented review in Ref. [234]. By systematically examining opto-thermo-
mechanical effects in the satellite segment of quantum information networks, we aim
to clarify their relevance for system design, identify possible mitigation strategies,
and highlight their implications for the performance and scalability of global quantum
communication. The topics presented here will also be directly relevant to other space-
based quantum experiments and missions, including distributed quantum computing
and sensing [248, 260], enhancing the precision of astronomical interferometry [261],
and testing fundamental physics in space [262–268].

This chapter begins by summarizing the different satellite-based QKD architectures
and the past, present, and future missions that implement them (§4.2). In §4.3, we
present the optical components that constitute the transmitter and receiver satellite-
based QKD terminals. The space-environmental loads and the opto-themo-mechanical
phenomena induced by these are discussed in §4.4. Their impact on the performance
of the secret key generation process is then analyzed in §4.5 by evaluating photon
transmission probability, crosstalk, and background noise in relation to the quantum
bit error rate (QBER) and the secret key rate (SKR). Finally, methods to suppress
these effects and mitigate their impact are examined in §4.6.

4.2. Satellite-based QKD architectures and missions

To understand how the different space environmental effects affect satellite-based
quantum communication systems, we first need to understand how these systems
operate. Specifically, it is important to understand what are the different types of
satellite-based quantum key distribution architectures and associated protocols. In
this section, the fundamentals of the types of satellite-based quantum key distribution
protocols are revisited, and the physical components needed in satellite terminals to
operate these different protocols are presented.
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4.2.1. Light as an information carrier: photons and qubits

Satellite-based quantum key distribution protocols consist on preparing, transmitting,
receiving, and measuring photonic quantum states. These photonic quantum states
work as quantum information carriers. In order to encode this information on light,
one or several of its properties has to be manipulated (see §2.3). Among all the
properties of light, the polarization state of light has been the one that has been
exploited the most so far for satellite-based QKD. In this way, the logical qubit states
{|0⟩ , |1⟩} are encoded in orthogonal polarization bases of our selection, e.g., horizontal
and vertical polarization states {|H⟩ , |V ⟩}. Another option is to encode the logical
qubits in time bins [269, 270], by encoding the logical qubits in different temporal
states of the transmitted signal, e.g., early and late photons {|e⟩ , |l⟩} –typically sepa-
rated by a few microseconds [41, 42]. By encoding the qubits using the frequency
property of light [42, 271], we can represent the logical basis through photons with
different frequencies {|ω1⟩ , |ω2⟩}. Another way to encode the logical qubits is by
utilizing the different spatial modes or paths that the photons travel through. Finally,
transversal spatial orthonormal modes of light in the paraxial regimes can be used to
encode logical qubits. For example, Laguerre-Gaussian beams with orbital angular
momentum can be used to create the bases {|LG00⟩ , |LG01⟩}. In general, the bases
presented to encode logical qubits can be extended from bidimensional qubits to n-
dimensional qudits, e.g. {|ω1⟩ , |ω2⟩ , . . . , |ωn⟩} or {|LG00⟩ , |LG01⟩ , . . . , |LG0n⟩}. This
is possible in all but polarization-encoded systems, as the polarization state of light
has only two degrees of freedom.

Nevertheless, in satellite-based QKD, polarization has been the most often chosen
[245, 272, 273], due to the high stability in free-space propagation and high-quality
polarization commercial elements [38]. Using time-bin and frequency-energy encoding
in satellite-based QKD has also been investigated, although not demonstrated in the
space environment [274, 275]. Space mode or path-based encoding can be used in short
distances through light guiding devices, but exploiting them in free-space channels
would require extremely collimated beams and huge transmit and receive apertures.
Finally, although transverse mode and orbital angular momentum encoding have re-
ceived some attention for their application in satellite-based communications [276–
278], we will comment on some of the challenges associated with this in the following
sections.

Furthermore, satellite-based QKD can be implemented using either single-photon
(discrete-variable) protocols or continuous-variable protocols. In discrete- variable
QKD, information is encoded into distinct quantum states, such as the polarization or
time-bin degree of freedom of single-photons, providing well-defined symbols for key
generation [5]. By contrast, continuous-variable QKD relies on encoding information
into quadratures of the electromagnetic field, where the key is extracted from con-
tinuous measurements of amplitude and phase, offering potential advantages in terms
of detection efficiency and compatibility with existing telecommunication technologies
[37, 279]. Both approaches have been explored for satellite-based implementations,
but in this work, we focus on single-photon (discrete-variable) QKD. This choice is
motivated by the higher technology maturity of DV systems –most on-orbit demon-
strations to date have employed discrete-variable protocols– as well as their lower
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sensitivity to atmospheric scintillation effects [279] and their ability to tolerate signif-
icantly higher channel losses compared to continuous-variable schemes [280], which is
a critical requirement for long-distance satellite links.

4.2.2. Satellite-based QKD architectures
The encoding chosen for satellite-based QKD can be implemented with different archi-
tectures (see Fig 4.1), which are related to the QKD protocol to be used. In general,
most of the satellite-based QKD systems aim to generate a secret key between two
ground stations on Earth by using the satellite as a relay. The basic operation is
similar across different QKD protocols and involves the transmission, measurement,
and post-processing of quantum states. A source on the satellite (or on the ground)
generates quantum states of light –typically single-photons, weak coherent pulses, or
entangled photon pairs– that are transmitted through free-space to the receiver. The
receiver measures the quantum states in randomly chosen bases, producing raw key
data correlated with the sender’s. The raw keys shared between sender and receiver are
inevitably affected by losses, noise, and channel imperfections, requiring several post-
processing steps to ensure security. Error correction (information reconciliation) aligns
the mismatched keys of Alice and Bob, leaking some information to the eavesdropper
(Eve). After reconciliation, privacy amplification is applied using hash functions to
compress the key into a shorter version that removes any residual knowledge Eve might
possess [242]. In entanglement-based protocols, entanglement distillation can further
enhance security by extracting a smaller set of highly entangled pairs from a noisy en-
semble, thereby improving the fidelity of the final shared key [281]. We can therefore
say that the key generated is secure in the sense of composable security. Specifically,
a QKD protocol between Alice and Bob is considered secure if, for some positive pa-
rameters a, b > 0, any eavesdropping strategy allowed by the laws of quantum physics
either causes the protocol to abort or, if the protocol completes successfully, it does so
with probability 1 −O(2−a). Moreover, in this case, the mutual information between
the generated key and the environment is smaller than 2−b [5, §5.4].

According to where the sources, detectors, and other quantum hardware is located,
the satellite-based QKD schemes can be classified by (1) uplinks in which the source is
located in the ground and (2) downlinks in which the source is located in space. Fur-
thermore, there are schemes that involve flying trusted-nodes (see Fig. 4.1(a) and(b))
and entanglement-based schemes that do not (see Fig. 4.1(c) and(d)). According to the
different architectures presented, different QKD protocols can be operated in them.
There is a huge amount of discrete variable protocols proposed in the literature [235],
being decoy-state BB84 1 the only one so far demonstrated in space [283].

Starting with satellite-based QKD architectures that require a flying trusted-node,
we can distinguish downlink and uplink schemes illustrated in Fig. 4.1(a)-(b). Under
these architectures, denominated prepare-and-measure architectures, a secret key is
created between the satellite and the first ground station (we can call this key KA).

1In prepare-and-measure QKD systems based on weak coherent pulses, there is a risk of photon-
number-splitting attacks. To counteract this, decoy-state protocols randomly vary the intensity of
pulses. By monitoring detection statistics, Alice and Bob can detect and prevent these attacks,
ensuring the security of the key [282].
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Later, when the satellite passes above the second ground station, another key is gen-
erated (we can call this key KB). Finally, the satellite having both keys can announce
publicly the bit-wise parity KA ⊕ KB , which enables both ground stations to obtain
the other ground station’s key securely, e.g., KA = KB ⊕ (KA ⊕ KB). In this way,
both ground stations now share the same secret key. In case of performing a down-
link (see Fig. 4.1(a)), a single-photon source needs to be located in the satellite and
single-photon detectors on the ground. When performing an uplink, however (see
Fig. 4.1(b)), the single-photon states are transmitted from the ground and detected
in space. The effects of the atmospheric turbulence are more detrimental in the latter
configuration. While adaptive optics systems, particularly those relying on laser guide
stars, can mitigate this [239], uplink schemes are generally less favorable. Further-
more, the installation of single-photon detectors requiring cryogenic temperatures is
more challenging in the satellite than on the ground [234], yielding to downlink con-
figurations having more heritage in space than their uplink counterparts (see §4.2.3).
A detailed comparison of uplink and downlink performances for satellite-based QKD
can be found in Ref. [284].

Figure 4.1: Examples of satellite-based quantum key distribution architectures. SPS:
single-photon source, SPD: single-photon detector, EPS: entangled-photon source, and
the cavity with circles in illustrates a quantum memory.

However, in order to operate the previously explained protocols, it is necessary that
both ground stations trust the satellite. Although there have been proposals for an
operation similar to the one explained in the previous paragraph with an untrusted-
node satellite, they have been proven wrong [285]. In this context, entanglement-
distribution-based protocols with untrusted nodes arise (see Fig. 4.1(c)-(d)). Dis-
tributing entanglement through a satellite-assisted scheme can generate secret keys
between two ground stations. In the simplest scheme (see Fig. 4.1(c)), an entangled-
photon source is located in space, and protocols like E91 or BBM92 are used[29, 30], a
secret key is distributed between two ground stations. However, in this scheme, both
ground stations need to be in the line of sight of the satellite, limiting the maximum
distance in between the ground stations through which a key can be generated (this
distance is ∼ 1000 km for a LEO satellite [285]). For bridging larger distances with-
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out trusted nodes, schemes consisting of quantum repeaters have been proposed [275,
286–290]. In these schemes, quantum states are stored in quantum memories, and
through entanglement swapping protocols, the secret key can be established between
the ground stations [291]. Quantum memories allow for storing quantum states for a
certain storage time and releasing them on demand. Some schemes proposed ground-
based quantum memories [292] while others proposed to install the memories onboard
the satellite [284, 289]. However, quantum memories are still in early development
stages, and many challenges need to be overcome before qualifying them for their op-
eration in space [293–295]. An overview of the different architectures and challenges
associated with quantum-memory-based schemes can be found in [239]. Finally, other
interesting schemes have been proposed for bridging large distances without trusted
nodes or quantum memories by guiding the light through focusing stages in a satellite
relay [238].

Regarding the orbit selection for satellite-based QKD, most of the architectures
proposed in the literature use LEO orbits due to the huge losses in the link for
higher altitude orbits [237] (there is a planned mission for a GEO downlink [296]).
In Refs. [234, 237] a comparison of the losses between different orbits can be found.
Furthermore, some network aspects of satellite-based QKD systems are covered in
Ref. [297].

However, a fundamental limitation of QKD is that it does not eliminate the need
for classical authentication. While QKD ensures information-theoretic security for
the key exchange, Alice and Bob must still verify that they are communicating with
the intended party rather than an adversary posing as one of them. This authenti-
cation step currently relies on classical cryptographic primitives, typically based on
pre-shared symmetric keys or public-key infrastructure [298]. In practice, initial au-
thentication can be bootstrapped from a small pre-shared key, but maintaining long-
term trust in large-scale quantum networks may require integration with post-quantum
cryptography. Unlike QKD, post-quantum cryptography algorithms do not provide
unconditional security but are designed to resist attacks from quantum computers
[299]. Therefore, QKD and post-quantum cryptography should be seen as comple-
mentary: QKD can deliver information-theoretically secret keys, while post-quantum
cryptography can secure authentication.

4.2.3. Overview of demonstrators and missions
Several pioneering missions have been carried out to investigate the feasibility of
satellite-based QKD. The purpose of this section is not to provide an exhaustive review
–comprehensive overviews can be found in [237, 239]– but rather to highlight some
representative milestones and demonstrations that illustrate the technological progress
to date. Several early proof-of-principle experiments focused on characterizing the fea-
sibility of free-space quantum links. Being polarization-encoding the most popular of
all encodings for satellite-based QKD, measurements of polarization transmission from
LEO to ground were reported in Ref. [251, 300], while polarization measurements from
GEO were demonstrated in Ref. [301]. In addition, experiments employing retroreflec-
tors in LEO and MEO enabled the reception of weak coherent polarization states on
the ground, providing valuable insight into channel losses and background noise [302,



70 4. Satellite Free-Space Quantum Communications

303]. These initial tests laid the foundation for the deployment of quantum sources
and detectors in space. Notably, entangled photon sources suitable for space have been
demonstrated [304, 305], and more recently, an analysis of single-photon detectors in
space has been carried out [306].

The Micius satellite marked the first dedicated quantum science satellite and
achieved several landmark results. A direct satellite-to-ground QKD demonstration
was reported in Ref. [307], followed by intercontinental QKD enabled through satellite-
based trusted-node operation [308]. Long-distance key distribution integrated with
terrestrial quantum networks has also been demonstrated [309]. Beyond prepare-
and-measure QKD, Micius enabled the first satellite-based entanglement distribution,
accompanied by a Bell-inequality violation over large distances [310]. Furthermore,
satellite-to-ground entanglement-based QKD has been demonstrated, with one photon
detected on board the satellite and its entangled partner transmitted to Earth [283].
Following up on the success with Micius, the recent smaller satellite Jinan has also
demonstrated space-to-ground QKD [246].

A number of missions are now planned to extend these capabilities. The Eagle-1
mission aims to demonstrate a LEO downlink based on a double-pulse phase-encoding
scheme [311]. At higher altitudes, the GARBO mission will test downlinks from GEO
[296]. In parallel, Canada’s QEYSSat project will explore for the first time an up-
link configuration to a LEO satellite, advancing both experimental capabilities and
architectural diversity [249, 312, 313].

4.3. System diagram and physical components
To assess the space environment’s effect on satellite-based QKD, it is necessary to
understand the typical components and technologies that constitute satellite-based
QKD terminals. In this section, some of these optical components and technologies
will be reviewed. The reader is referred to Refs. [234, 237, 244] for a detailed review
of all the critical technologies needed in satellite-based QKD systems.

Fig. 4.2 shows example diagrams of a typical satellite-based QKD transmitter and
receiver. In practice, there are many possible variants of satellite-based QKD termi-
nals, since the exact design depends on factors such as system architecture, encoding
methods, and mission requirements. The setups illustrated here are therefore not
meant to represent unique designs, but rather examples inspired by currently flying
or planned satellite-based QKD implementations [246, 249, 283, 305, 314]. The sys-
tem depicted in Fig. 4.2 employs polarization-encoding. For other types of encoding,
such as time-bin encoding, the optical setups would require different generation and
measurement modules corresponding to those degrees of freedom, and the associated
optical components would also change. To enable simultaneous transmission and re-
ception of multiple optical signals, wavelength-division multiplexing is employed for
separating the beacon and other beams from the quantum channel. The choice of op-
erating wavelengths is motivated by several considerations: minimizing atmospheric
effects, enabling daylight operation, and ensuring compatibility and high efficiency
of the hardware components involved (including sources, detectors, and, in future
systems, quantum memories) [234].

To explain the components of the satellite-based QKD terminals, we follow the
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Figure 4.2: General system diagram for satellite-based QKD (a) transmitter and (b)
receiver. The lenses shown are a simplified representation of lens assemblies. Colors
not stated in the legend are combinations of others (dichroic mirror (DM), rotatable
half-wave plate (RHWP), rotatable quarter-wave plate (RQWP), pump laser (PL),
fast pulse generator (FPG), single-photon detector (SPD)).

sequential path of the photon through the system, beginning with the photon sources.
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Two main types of sources are typically considered in satellite-based QKD: weak co-
herent pulses (WCP) sources and entangled-photon source (EPS), both of which have
already been demonstrated in space [246, 283, 315].

Weak coherent pulse (WCP) sources are used in decoy-state QKD architectures.
They are obtained by attenuating the laser pulse down to a mean photon number that
results in a single-photon level intensity, that mantains the phase coherence of the
source laser. In WCP sources, the probability of the attenuated laser pulse containing
a single-photon is small, but the probability of it containing two or more photons
is negligible. They can be implemented using multiple laser diodes, as illustrated
in Fig. 4.2, or by employing Sagnac-interferometer-based designs, as demonstrated
in Ref. [246]. Entangled photon sources (EPS), on the other hand, are required for
entanglement-based QKD architectures. The most common approach is spontaneous
parametric down-conversion (SPDC), where nonlinear crystals generate pairs of en-
tangled photons. Different implementations have been proposed or demonstrated in
space missions: periodically poled potassium titanyl phosphate (PPKTP) crystals in
the Micius satellite [310], periodically poled lithium niobate (PPLN) crystals in the
source in Ref. [314], and beta barium borate (BBO) crystals in the SpooQy nanosatel-
lite [305]. Intrinsic timing correlation between photon pairs in entangled photon SPDC
sources is in the order of femtoseconds [237]. Although not depicted in Fig. 4.2(a), in
entanglement-based protocols each photon of the entangled pair is directed towards
a different receiver –one of which may also be located on board the satellite itself
[283]. Comprehensive reviews of WCP and SPDC sources for satellite-based QKD are
provided in Refs. [5, 234, 237, 247]. Most current sources are based on bulk optical im-
plementations [234], but there is increasing interest in developing photonic integrated
circuits (PIC)–based sources, which offer the promise of improved compactness, scal-
ability, and stability for future satellite missions [38, 316].

Once the photons are generated, they can be transported within the satellite sys-
tem using optical fibers [246, 283], although this is not strictly necessary. A drawback
of fiber transmission is that it can alter the polarization state of the photons. To
compensate for this effect, polarization control modules are introduced, typically con-
sisting of a combination of two rotatable quarter-wave plates and one half-wave plate.
This configuration allows the implementation of any unitary transformation on the
polarization state of the light, thereby enabling full compensation of the polarization
distortions introduced by the fibers. As noted in [246], this setup ensures that the
transmitted photons maintain the intended polarization states for proper operation of
the QKD protocol.

After polarization compensation, the photon beam is directed to a fast steering
mirror (FSM), which provides fine pointing of the beam. Coarse pointing is typically
achieved using the satellite’s attitude control system [249], although dedicated coarse
pointing assemblies with steering mirrors can also be implemented (see §3.6). Both fine
and coarse tracking subsystems are guided by feedback from quadrant detectors (QDs)
and CCD cameras in the beacon beam received from the other terminal, processed
through the pointing, acquisition, and tracking (PAT) control computer. There are
certain advantages of using CCDs over QDs for tracking, as pointed out in Ref. [249].
In particular, the pixelated readout of CCDs enables sub-windowing to reduce the
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impact of background light and radiation events across the full sensor area. Moreover,
accurate centroiding can be performed anywhere on the detector, relaxing boresight
alignment tolerances during assembly and thermal operation.

The single-photon beam exits the system through the telescope of the terminal.
In the design of satellite-to-ground (or ground-to-satellite) QKD links, two main ap-
proaches are considered regarding telescope sizes: either small-aperture telescopes in
space combined with large ground-based telescopes, or vice versa [234]. On the space
segment, both on-axis and off-axis telescope designs have been employed. For exam-
ple, the Micius satellite used an off-axis telescope [283], while the Jinan mission used
an on-axis one [246]. In the case of QEYSSat [249], an on-axis catadioptric design was
preferred over an all-reflective three-mirror anastigmat despite the requirement for a
wide field of view. This choice was motivated by the fact that the on-axis design offers
lower mass and inherently better performance in terms of polarization extinction ratio
–an important factor in minimizing the quantum bit error rate (QBER). Such consid-
erations highlight the broader trade-offs in QKD telescope design, which are discussed
in detail in [317].

Along with the quantum signal and beacon beams, a time synchronization beam
–typically implemented as a pulsed laser– is transmitted to enable precise time align-
ment between the clocks of the transmitter and receiver. This synchronization channel
is essential, since a primary challenge in all QKD systems is the reliable identification
of single transmitted photons against a very high background light level. Narrow tem-
poral gating, enabled by accurate clock synchronization, has been demonstrated as an
effective technique to improve the signal-to-noise ratio by reducing the probability of
detecting spurious background photons. Moreover, the synchronization beam provides
robustness against clock dynamics between the sender and receiver, which otherwise
degrade the temporal alignment and the overall performance of the quantum link [318].

The transmitted beams propagate through the free-space channel from the satellite
to the ground (or vice versa) -in §5 the diffraction and propagation of single-photon
beams will be treated. In satellite-to-ground links, this path includes both the vacuum
of space and the Earth’s atmosphere. At the receiver, the incoming beams are collected
by a telescope and then directed toward their respective detectors, as illustrated in
Fig. 4.2. In polarization-encoded QKD systems, relative rotational motion between the
transmitter and receiver introduces misalignment of the polarization bases. To address
this, a rotatable half-wave plate can be employed to dynamically compensate for the
relative rotation in real time [246]. In addition, to compensate for other polarization
effects introduced by the receiver’s terminal optical relay, a pair of rotatable quarter-
wave plates is included in the system diagram of Fig. 4.2(b).

In the receiver, the single-photon beam is directed to a polarization analyzer, typ-
ically implemented as a combination of beam splitters and polarization beam splitters
that separate the incoming photons into the measurement bases. Alternatively, the
choice of polarization basis can be achieved using an electro-optic device such as a
Pockels cell, as demonstrated in [310], rather than the static optical arrangement
shown in Fig. 4.2. After the polarization analysis stage, the photons are detected by
single-photon detectors. Two main types of detectors are considered for satellite-based
QKD: avalanche photodetector (APD) and superconducting-nanowire single-photon
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detectors (SNSPS). APDs, which can operate with passive or active cooling (as in
QEYSSat [249]), are compact and relatively simple to integrate but have limited effi-
ciency and higher dark count rates compared to SNSPSs. SNSPSs, on the other hand,
provide superior detection efficiency, lower dark counts, and lower timing jitter, but
require cryogenic operation and thus the use of a cryocooler [95]. Reviews of detector
technologies and their trade-offs for satellite-based QKD can be found in Ref. [234].
In the diagram in Fig. 4.2(b), fiber coupling is employed to connect detectors with the
optical system. The reasons to use fiber coupling in satellite-based QKD are several.
First, when detectors are placed on the satellite, fiber coupling (as in QEYSSat using a
multimode fiber [249]) simplifies the integration with the optical relay. Second, entan-
gled photon sources often employ fiber-coupled outputs, as in Ref. [310]. Third, in the
ground segment, fiber coupling enables compatibility with terrestrial fiber networks,
which is a key requirement for hybrid ground-space quantum networks [258, 319].

Although not depicted in Fig. 4.2, some satellite-based QKD architectures require
the integration of quantum memories on board the satellite terminal (see Fig. 4.1(b)).
In such schemes, entanglement swapping is typically performed through Bell-state
measurements (BSM) on photons retrieved from the quantum memories, using an ar-
rangement similar to the polarization analyzer shown in Fig. 4.2, but with two input
photons impinging on the first beam splitter. Optical quantum memories function by
exploiting light–matter interactions to coherently map -without quantum information
loss- an incoming optical field onto a collective excitation distributed across an en-
semble of atoms, a single atom or another material medium. A variety of physical
systems have been proposed for this purpose, ranging from laser-cooled atomic ensem-
bles to single-atom memory systems [320]. The performance of quantum memories
is determined by several key parameters: storage time, efficiency, noise, and multi-
plexing capacity. Storage times ranging from milliseconds to seconds are required,
since they must at least match the light travel time in satellite-to-ground links [239].
High efficiency and low noise are equally critical, as they directly impact the achiev-
able entanglement distribution rates. The number of memory modes supported is also
an important parameter to enable longer secure-key lengths and higher rates [321].
While individual milestones such as long storage times, high efficiency, or multimode
operation have been achieved separately, they have not yet been demonstrated in com-
bination [239, 295, 322–324]. Although proving all these requirements for quantum
memories in the space environment will be challenging, microgravity environments
may even offer potential advantages for extending coherence times in quantum mem-
ories, as suggested in Ref. [325]. Comprehensive reviews of the state of the art on
quantum memories can be found in Refs. [291, 293, 294, 316, 326, 327].

Some simplifications for the sake of clarity have been made in the system diagram
of Fig. 4.2. First, the transmitter and receiver have been completely separated (unlike
in Fig. 3.2 for the classical communication optical terminal). For simplicity, the clas-
sical communication channels –whether optical or radio– necessary for the operation
of QKD protocols are not explicitly shown in Fig. 4.2. Consequently, a realistic QKD
terminal is best understood as a combination of the elements shown in Fig. 3.2 and
Fig. 4.2, as shown in the systems diagrams of several missions [246, 249, 283]. In
addition to the main optical chain, QKD terminals often incorporate several filter-
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ing mechanisms to suppress background noise. Spatial filtering can be implemented
with pinholes to reduce stray light [249]. Spectral filtering is also applied, typically
by inserting narrowband filters that match the emission wavelength of the quantum
source. Together, these techniques improve the signal-to-noise ratio and are essential
for reliable operation in the presence of background light, especially during daylight
conditions. While the system shown in Fig. 4.2 is based on polarization-encoding,
other encoding schemes, such as time-bin encoding, require other optical setups. In
this case, the generation and measurement modules must be adapted to manipulate
time-bin states rather than polarization, involving interferometers and phase modu-
lators [328]. Alternatively, it is possible to convert between different encoding types
using linear optical elements [5, §5.1].

While the previous discussion focused on the internal design of QKD terminals,
their performance cannot be fully understood without considering the external envi-
ronment in which they operate. For satellite-based systems, the harsh conditions of
space –radiation, vacuum, and extreme thermal and mechanical loads– can signifi-
cantly affect both optical components and the quantum states they manipulate. The
following section examines these space-induced opto-thermo-mechanical phenomena
and their impact on QKD terminals.

4.4. Space sources and opto-thermo-mechanical phenomena
Satellite-based QKD systems, consisting of complex optical setups as described in
§4.3, must be able to survive and operate reliably in the harsh space environment. In
orbit around the Earth, as well as in more remote deep-space locations, satellites are
exposed to radiation, vacuum, and significant thermal and mechanical loads. In this
section, the main environmental loads encountered in space will be summarized. Fur-
thermore, the opto-thermo-mechanical phenomena affecting the different components
of a QKD terminal –and their effect on the quantum states of light carrying quan-
tum information– will be assessed. The following section (§4.5) will then evaluate
how these phenomena influence the overall performance of satellite-based QKD sys-
tems. These sections are therefore built following the same logic as in §3 for satellite
free-space optical communications (see Fig. 3.1) –as we will see, there will be many
commonalities.

Although crucial for the successful operation of satellite-based QKD, certain effects
such as atmospheric turbulence, radiation phenomena, and background noise [329–
331] will not be covered here for the sake of conciseness. For a detailed treatment of
atmospheric effects in satellite-based QKD, the reader is referred to [253, 284, 332].
While further research is needed to fully characterize the behavior of satellite-based
QKD components in the radiative space environment, initial studies have already been
conducted on both photon sources and detectors [306, 333–337].

4.4.1. Space environment

In the space environment, several disturbance sources affect the performance of the
satellite-based QKD terminal’s components. This section focuses on microvibrations
and thermal loads. These environmental loads induce opto-thermo-mechanical effects
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that can misalign optical paths, degrade pointing accuracy, and impair the fidelity
of quantum states used for secure communication- this will be seen in the following
sections. In the following, a summary of the sources presented for satellite optical com-
munications in §3.3 is presented, adapting the explanation wherever the consideration
for quantum communications makes a difference.

• Microvibration sources. Satellite-based QKD systems rely on narrow beam di-
vergences, which require pointing accuracies at the microradian level to assure
a high enough photon transmission probability. The microvibrations sources on
these systems are the same as the ones discussed in §3.3. Cryogenic systems
required for single-photon detectors such as SNSPSs [95], which may be neces-
sary in quantum communication terminals, can introduce significant mechanical
vibrations, as observed in space platforms like the Hubble Space Telescope [78].
Measurements onboard the Micius quantum satellite provide the power spectral
density of the microvibrations that can be expected onboard a quantum com-
munication terminal (most of the vibration energy lies below 100 Hz, as can be
seen in Fig. 3.5).

• Thermal loads. Temperature fluctuations in orbit, as seen in §3.3, present an-
other major challenge for satellite-based QKD terminals. The internal temper-
ature inside a satellite can fluctuate significantly, as seen in the LEO quantum
in-orbit experiment in Ref. [338], where the internal temperature varied in the
range 0-30◦C.

4.4.2. Opto-thermo-mechanical phenomena
As in satellite free-space optical communication systems, the microvibrations and ther-
mal loads present in the space environment give rise to several opto-thermo-mechanical
phenomena. These effects directly impact the performance of satellite-based QKD ter-
minals, where extreme optical stability and polarization fidelity are required. In this
section, we review the most relevant opto-thermo-mechanical phenomena with a spe-
cial focus on polarization effects, quantum sources, and detectors, which are critical for
the operation of QKD systems. For an in-depth discussion of the other effects (rigid
body motions, surface deformations, therm-optic dispersion, and stress-birefringence),
the reader is referred to §3.4.

• Rigid body motions of the satellite. Due to microvibration sources, the satel-
lite’s orientation continuously fluctuates around its nominal pointing direction.
The power spectral density of this angular motion, measured in orbit for several
missions, is shown in Fig. 3.5. Rigid body motion is of particular importance
in polarization-entangled QKD systems, which are currently the most widely
used. A natural consequence of the relative motion between satellite and ground
station is a time-dependent polarization rotation, arising from the continuously
changing reference frames [339]. This effect requires active polarization compen-
sation during the communication window between the transmitter and receiver
terminals.
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• Rigid body motions of optical components. Beyond global satellite jitter, individ-
ual optical elements inside the terminal also undergo rigid body displacements
due to mechanical loads. Both static and dynamic misalignments can occur. The
effects of these misalignments are similar to the ones explained in the classical
beam case in §3.4 and can be critical. Polarization optics often used in satellite
QKD, such as polarizers and birefringent elements, are especially sensitive to
angular rotations. Furthermore, entanglement sources also need to be strictly
aligned with the pump laser, where angular alignment tolerances on the order
of 100 µrad are required [247, 338]. Another important effect is the changes
induced in the polarization state of light due to the reflections on optical compo-
nents [283]. An example of the latter can be found in the study of the influence
of steering mirrors in free-space quantum links presented in Ref. [340].

• Surface deformations. Thermal and mechanical stresses can deform optical sur-
faces. These deformations induce wavefront errors on the beams that, in turn,
change their shape as they propagate through the system. The changes in the
shape of the beam will in turn, change the transmission probability of the pho-
tons as they are coupled into the aperture of the receiver (transmitter’s wavefront
errors) or into the fiber (receiver’s wavefront errors).

• Thermo-optical dispersion. Changes in the refractive index of optical materials
with temperature lead to additional wavefront errors. This thermo-optic effect
compounds surface deformations and can degrade beam quality. If this phe-
nomenon is wavelength-dependent, then different wavelengths will be affected
differently. In the case of dichroic mirrors used mainly for multiplexing and
de-multiplexing different beams (beacon and quantum beams), this could create
crosstalk between the optical paths followed by them.

• Stress birefringence. Thermo-mechanical stress fields within optical components
can induce unintended birefringence (see Fig. 3.9). This birefringence will create
unwanted changes in the polarization state of the quantum and beacon beams
travelling through the terminal. This effect can be very significant when using
optical fibers in the quantum communication terminals [246]. For polarization-
encoded QKD, this is particularly harmful, as it can create spurious correlations
between Alice’s and Bob’s measurement outcomes, degrading the security of the
key –similar to the effect that polarization rotation due to the relative rotation
motion of the satellite would have.

• Other polarization effects. Apart from the birefringence and reference system
rotation effects on polarization-encoded quantum states, relativistic effects on
the polarization state of the photon have also been investigated [341, 342]. Due
to the relative motion between the transmitter and the receiver, there is a special
relativistic effect that rotates the polarization state of the photon, i.e. Wigner
rotation. Furthermore, the Faraday rotation will be a similar effect induced by
the gravitational field. The analysis performed in Ref. [341] shows that both
of the effects, in near-Earth quantum communications, are orders of magnitude
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smaller than the effect of the nonrelativistic misalignment between the transmit-
ter and receiver reference frames due to their relative rotation motion. Hence,
these polarization-related relativistic effects can usually be neglected.

• Effects on quantum sources. In quantum communication sources (WCP and
EPS), the effect of thermal loads is very complex due to several multiphysical
phenomena occurring simultaneously. In WCP sources, based on laser diodes,
the temperature variations on the semiconductor will affect their performance
through different mechanisms (bandgap energy shifting and consecutive wave-
length shift, refractive index change due to thermo-optic dispersion, etc.). In the
case of entangled-photon sources, the performance of the usual nonlinear-crystal-
based sources is highly temperature-dependent. For example, periodically-poled
crystals require stabilization to within 0.1◦C to maintain phase matching [247].
Among the different SPDC entangled-photon sources, although the BBO crystals
have lower nonlinearities (χ(2)) than PPKTP, they are less sensitive to temper-
ature fluctuations and allow larger apertures [237]. Temperature variations in
SpooQy’s BBO-based source were experimentally measured in Ref. [305], demon-
strating that the source is very stable within the range ∼ 16 − 22◦ C. As several
unwanted effects will occur due to temperature variations on quantum communi-
cation photon sources, proper thermal isolation and stabilization of them needs
to be performed through thermo-mechanical design [338]. For example, to en-
sure thermal and mechanical stability, the entangled-photon source onboard the
Micius satellite employed a thick titanium alloy baseplate (due to its good bal-
ance between rigidity and thermal expansion) and an invar plate mounting for
the onboard Sagnac interferometer [310].

• Effects on single-photon detectors. Single-photon detectors used in satellite-
based QKD systems are very sensitive to temperature fluctuations. For APDs,
dark count rates increase with temperature, directly impacting the performance
of the system. In Ref. [237], an analysis for a typical APD shows an order of
magnitude increase of the dark counts due to an increase of ∼ 30◦ C on the
detector. Although the intrinsic time-jitter of the detector will not be much af-
fected by the temperature, the increased number of dark counts will increase the
effective time-jitter of the detector. SNSPSs operate at cryogenic temperatures,
therefore requiring active thermal control for their operation. If the tempera-
ture control is not adequate, the superconducting state of the nanowires could
be lost, resulting in their complete inoperability. In general, active thermal con-
trol through cryocoolers is needed to efficiently operate single-photon detectors
on-board satellite-based QKD terminals.

• Effects on quantum memories. Quantum memories are still in very early stages of
development, and active research is ongoing to develop reliable physical systems
to be operated in space. Depending on the physical system of the space-based
quantum memory, the effects of temperature fluctuations will differ. However,
temperature fluctuations will most securely impact storage time, efficiency, and
fidelity [343], thereby affecting overall entanglement distribution rates.
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• Other phenomena. Another important effect due to the temperature variations
and the microvibrations is the stability in optical cavities and clocks that are
relevant for performing time filtering in satellite-based QKD [344].

4.5. Impact on satellite-based QKD
Opto-thermo-mechanical phenomena above, due to the thermal and mechanical loads
on board a satellite-based QKD terminal, will impact the performance of the system
in many different ways. In this section, a detailed explanation of how the phenom-
ena explained in the section above affect a space quantum communication system is
discussed. The main effects due to the phenomenon above explained are: impact on
photon transmission probability, impact on polarization state, impact on wavelength,
and other effects.

4.5.1. Photon transmission probability and transverse-mode crosstalk
Due to the free-space channel in satellite-based QKD, a photon exiting the transmit-
ter will have a lower-than-unity probability of being received by the single-photon
detector (or stored in the quantum memory) on the receiver’s side. This loss will be
referred to as the photon transmission probability over the free-space channel. This
photon transmission probability will depend on the divergence and the pointing jitter
of the single-photon beam in the free-space channel. Furthermore, once the photon is
captured by the receiver aperture, its spatial mode has to be coupled into a usually
small-sized detector. In some receiver configurations, the incoming single-photon beam
in the receiver is first coupled into a fiber to ease the interface with a single-photon
detector or photonic quantum memories. When coupling into the detector or the op-
tical fiber, the photon transmission probability is decreased. Altogether, these effects
are the most important contributors to photon loss in satellite-based QKD systems
[239].

When satellite-based QKD terminals are affected by the opto-thermo-mechanical
phenomena presented above, the photon transmission probability of the free-space
channel is decreased. There are several opto-thermo-mechanical phenomena that af-
fect the photon-transmission probability: (1) transmitter pointing jitter, (2) receiver
pointing jitter, (3) transmitter wavefront error, and (4) receiver wavefront error (these
are the same that affect classical optical communication systems as seen in §3.5). In
Fig.4.3, an illustration of how these effects impact the photon transmission probability
is depicted.

1. Transmitter pointing jitter. As a justification for the need for satellite quan-
tum communications, it is often mentioned that the fiber losses scale exponen-
tially with distance, while the free-space losses increase quadratically. While this
statement is strictly right for a perfectly pointing system, in satellite quantum
communications, beam pointing losses are unavoidable. Although these are not
usually big enough to make them comparable to losses over current fiber optics
[307].
Single-photon quantum communication sources (WCP or EPS) typically emit
photons in the fundamental Gaussian transverse mode [38, 283]. As the beam
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Figure 4.3: Effects of transmitter and receiver pointing jitter and wavefront errors
on the photon transmission probability. Due to the transmitter’s pointing jitter, the
angle of arrival of the received beacon in the top-left figure should be non-zero, but
to emphasize the effects of the transmitter wavefront error, a zero angle of arrival is
illustrated.

propagates through free-space, it diverges, so only a fraction falls within the
receiver aperture. Additionally, transmitter pointing jitter causes misalignment
between the beam and the receiver, making photon capture probabilistic. These
effects are often approximated via link budget averaging [329], with more accu-
rate statistical models available [238, 275, 284, 345, 346]. While analogous to
classical links, in the quantum regime, they affect photon transmission proba-
bility rather than optical power seen in §3.5.

The deviations of the center of the beam with respect to the receiver’s optical
axis will induce a stochastic photon transmission probability on the quantum
communication system. In polarization, time and frequency-encoded systems,
this will be the only effect. However, transverse-mode/OAM encoding systems
have been proposed for their use in reference basis resilient satellite-based QKD
systems [276–278]. In this case, not only is the photon transmission probability
affected. As the quantum state of the transmitted single-photon is encoded in
the transversal spatial distribution of the phase of the beam, this state needs to
be manipulated by non-uniform spatial phase components that are aligned with
the optical axis of the beam. Due to the misalignment induced by the transmitter
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pointing jitter between the optical axis of the transmitted single-photon beam
and the receiver’s optical axis, the decomposition of the single-photon beam’s
spatial phase would be faulty [34]. Moreover, while Gaussian beams exhibit
maximum irradiance at their center, beams carrying orbital angular momentum
(OAM) feature a phase singularity at the center, resulting in a null intensity. As
a consequence, especially when such a single-photon beam is perfectly aligned
with the receiver’s optical axis, the probability of capturing the photon remains
very low. Further research is required to enable the applications of OAM beams
in satellite quantum and classical communications [268, 347].

2. Receiver pointing jitter. In-orbit microvibrations also affect the receiver, induc-
ing angle-of-arrival fluctuations that lead to stochastic coupling efficiency at the
detector. When detection involves fiber coupling (see §4.3), this can significantly
impact the photon transmission probability, analogous to the discussion detailed
in §3.5 for the optical power. The effect of receiver pointing jitter-induced angle
of arrival can be very similar to the angle of arrival fluctuations due to atmo-
spheric turbulence in terrestrial or satellite-to-ground links [348]. As it happened
for the transverse mode encoding quantum communications for the transmitter
pointing jitter, the receiver pointing jitter will induce a spurious tip-tilt in the
received beam. This, in turn, will create cross-talk between different transversal
modes and will be detrimental for the performance of the quantum communica-
tion system (an analysis of angle of arrival impaired OAM multiplexed channels
can be found in Ref. [34]).

3. Transmitter wavefront error. The thermo-mechanically induced aberrations in
the transmitter’s terminal will change the shape of the transmitted single-photon
beam. In this way, the change of the shape of the single-photon beam will
induce a change in the photon transmission probability. To compute the far-
field irradiance in the receiver aperture plane of the single-photon beam affected
by the transmitter’s aberrations, Fourier wave optics propagation methods can
be used (see §5). By combining the transmitter’s pointing jitter and the shape
of the single-photon beam in the receiver aperture plane, the probability of the
receiver’s aperture capturing the single-photon can be computed. Analysis of
the effect of certain aberrations on an intersatellite reflector-relayed quantum
communication system can be found in Ref. [238].
Furthermore, although not an aberration, it is worth mentioning that a similar
effect to the one induced by the transmitter aberrations will be given by the
clipping at the transmitter’s aperture (including a central obscuration due to
on-axis secondary mirrors). Due to the finiteness of the transmitter’s aperture,
the single-photon beam will be clipped, i.e., abruptly cut on the external (and
internal) side of the beam. This will induce two main effects that will affect
the photon transmission probability. On the one hand, the clipping will reduce
the transmission probability of the photon going out from the transmitter in the
expected direction. On the other side, the clipping will induce further diffraction
of the transmitter beam due to the abrupt cut of the single-photon beam in the
aperture. These effects, and their impact on satellite-based QKD [238, 349], will
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be analyzed in detail in §7.
For transverse-mode/OAM encoding, if they can be used in practice in long-
distance satellite-based QKD links, the effect of the transmitter aberrations will
create cross-talk between the different transverse modes. This cross-talk will,
in turn, induce spurious correlations between Alice and Bob’s measurements,
increasing the QBER. An analysis of the impact of low-order aberrations in
the quantum states of OAM encoded quantum communications can be found in
Ref. [350]. Furthermore, although not analyzed in the literature, the clipping on
the transmitter will also change the single-photon state beam (both in amplitude
and phase), inducing further crosstalk between different modes.

4. Receiver wavefront error. At the receiver, the incoming single-photon beam
must be coupled into the detector (or quantum memory). For long distances,
the captured field is often approximated as a uniform plane wave limited by
the receiver aperture (see Fig. 4.2), leading –after diffraction– to a point spread
function at the detector. Wavefront errors can distort this pattern and reduce
coupling efficiency, thus affecting photon transmission probability. When a larger
portion of the beam is captured, the uniform plane wave assumption breaks
down, and the coupling must be evaluated for the actual clipped beam profile.
In transverse-mode/OAM encoded quantum communications, the effects of the
receiver wavefront error will be that of increasing the crosstalk between the trans-
mitted orthonormal modes (in a similar way to what happens for the transmit-
ter’s wavefront error). Furthermore, the diffraction due to the receiver’s finite
aperture will also induce further crosstalk between the different modes.

Although the explanation of photon transmission probability effects has been dis-
cussed referring to the quantum information-carrying single-photon beam, the other
beams travelling through the system will also be affected by the effects explained. As
these signals (beacon and synchronization beams) do not carry along quantum states,
they are not subject to the no-cloning theorem and can therefore be amplified. In this
sense, the beacon and synchronization beams are less sensitive to the free-space chan-
nel losses discussed above, although these need to be computed and properly accounted
for. Specifically, the wavefront errors on the transmitter’s impinging on the received
beacon can be very detrimental as they induce an apparent angle of arrival of the
beacon beam. This apparent angle of arrival creates a static bias on the transmitter’s
pointing error (this effect is analyzed for classical free-space optical communication
links in §6). Furthermore, as a classical communication channel is required for per-
forming QKD protocols, the impact of opto-thermo-mechanical phenomena explained
in §3.5 is also important in satellite-based QKD.

4.5.2. Polarization effects
In polarization-encoding, being one of the most popular methods in satellite-based
QKD, the perturbations in the polarization state encoding the logical qubits are crit-
ical. The polarization rotations and, more generally, the polarization state changes
created by rigid body motions, stress birrefringence in bulk optics and optical fibers,
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and other phenomena can be characterized through the polarization extinction ratio
(PER). The polarization state of light can be, in general, described by the vector [62](

ax
ay exp (iδ) ,

)
(4.1)

where the phase delay between the x and y components is given by δ. The amplitude
ratio angle can be defined as α = arctan(ay/ax) and the basis deviation angle as
tan 2θ = tan 2α cos δ. The ellipticity angle β can be defined according to δ, α and θ as

β = ±

√
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x + a2

y

2 arcsin
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 , −π
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4 . (4.2)

Using this ellipticity angle, the polarization extinction ratio can be defined as

PER = 1
tan2 β

. (4.3)

By combining the polarization extinction ratios of both the transmitter and receiver
terminals, the QBER induced by perturbations on the polarization state of the single-
photon states can be easily computed [62]. As stated in Ref. [62], for a QBER value
below 0.1% the bias deviation angle needs to be less than 35 mrad. Apart from
the PER, the degree of polarization can also be used to evaluate the effect of the
polarization in satellite-based QKD [273].

The previous explanation only covers the polarization effects on the single-photon
beam carrying the quantum information. However, the effects of polarization pertur-
bations on the other beams are also critical. Specifically, as polarization compensation
systems are used to match the orientation of the transmitter and receiver bases, the
effect on the polarized beam used as a reference for compensation is also critical. This
can be seen in Ref. [62]. If, instead of encoding the qubits, polarization is used to
discern between the different beams going through the system, the polarization state
changes will deviate the light, creating photon transmission losses and increasing the
background noise. In satellite-to-ground QKD systems, the perturbations of the polar-
ization state of the single-photon beam will have their primary origin in the phenomena
covered above, as the effects on the polarization due to atmospheric turbulence are
negligible [251]. Finally, when interferometric setups are used in satellite-based QKD
systems (e.g., as frequency analyzers in frequency-bin encoding systems), the effects
of stress birefringence also need to be considered, as it will induce unwanted effects
[274, §4.3].

4.5.3. Wavelength effects
In most of the satellite-based QKD implementations, different wavelengths are used to
separate the different beams (e.g., single-photon, beacon, and synchronization beams)
travelling through the system. However, surface deformations and thermal dispersion
on the filters and dichroic mirrors that are used to guide the different wavelengths
through the system can induce crosstalk between different wavelengths by changing
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the bandpass behaviour of the optical element. In this case, the quantum channel
would again be subjected to both a decrease in the photon transmission probability
and an increase in the background noise.

Furthermore, the wavelength of light can be used for encoding the logical qubits
on satellite-based QKD systems. In this scenario, it has been found that frequency-
bin encoding is sensitive to the random phase noise induced by thermal fluctuations
on fiber optical components [271] –these effects should be small for the fiber lengths
involved in satellite-based QKD as long as the temperature variations are minimized.

4.5.4. Figures of merit in satellite-based QKD
In the previous sections, the effects of opto-thermo-mechanical phenomena on photon
transmission loss and crosstalk were discussed. However, to fully evaluate their impact
on satellite-based QKD systems, it is necessary to consider more appropriate figures
of merit. Three metrics are particularly important in this context: the secret key rate
(SKR), the quantum bit error rate (QBER), and the fidelity of quantum states (F).

In general, for QKD applications, the primary performance indicator is the SKR,
which quantifies the amount of secret key that can be established through the link.
Different models exist to compute the SKR while accounting for photon transmis-
sion probability, crosstalk, and background noise. Based on the explanation given in
Ref. [235, §IV] to define the SKR, we can define:

1. Total detection rate R. The total number of detections we have on the receiver
side.

2. Photon-number resolver detection rate Rn. The detection rate for the events in
which n photons are sent by Alice (

∑
n Rn = R). This gives the photon-number

resolved yield Yn = Rn/R.

3. Error rates εn. Among Rn, a subset corresponds to wrong counts Rw
n . This

gives the photon-number-resolved error rate εn = Rw
n /Rn.

Now we can define the quantum bit error rate as QBER =
∑
n Ynεn. The QBER

is the fraction of mismatched bits in the raw key before error correction and privacy
amplification. Its value is crucial: bounds on the QBER determine whether a finite
secret key can be distilled. For example, in BB84 with one-way post-processing, the
QBER must remain below 11% to allow secret key generation [235].

Then, we can obtain the most relevant parameter for QKD, i.e., the secret key
rate (SKR). For a discrete variable protocol under imperfect error correction codes,
the secret key rate can be written as

SKR = R [1 − leakEC(QBER) − IE] , (4.4)

where
IE = min(IAE, IBE) = max

Eve

∑
n

YnIE,n, (4.5)

Here, IAE = maxEve(I(A : E)) is the maximum of the mutual information for individ-
ual attacks (for collective attacks, see Ref. [235]) and the maximization is performed



4.6. Mitigation techniques 85

over Eve’s attack strategies. The term leakEC(QBER) ≥ H(QBER) accounts for the
imperfections of error-correction codes, with H(QBER) the binary entropy.

For specific protocols, these expressions can be refined further [235, 349]. This
formalism depicts how photon transmission probability, crosstalk, background noise,
and detector dark counts affect satellite-based QKD performance. Transmission prob-
ability first scales the detection rate R, directly impacting the SKR. In addition,
transmission losses influence the QBER, as explicitly discussed in Ref. [253, §VI] and
illustrated in [237, Fig. 6], further degrading the SKR.

Crosstalk between different beams or quantum states also plays a significant role.
It reduces the transmission probability to the intended detector (e.g., single-photon
light entering a beacon detector) and increases background noise (e.g., beacon light
leaking into a single-photon detector). Increased background noise raises the number
of wrong counts Rw

n , thereby increasing the QBER and lowering the SKR. Similarly,
when crosstalk between different quantum states arises due to opto-thermo-mechanical
effects (such as reduced polarization extinction ratio in polarization-encoded QKD),
the QBER rises because of higher wrong count rates. Finally, dark counts increase
due to thermal loads in space-based detectors and contribute in the same way as
background noise. A concrete example of these effects, incorporating stochastic photon
transmission probabilities in a satellite-based BB84 decoy-state protocol, is given in
Ref. [253].

Beyond QKD, other satellite-based quantum communication applications employ
additional figures of merit. In entanglement distribution, for instance, the fidelity of
the shared quantum state relative to an ideal reference is key. Fidelity is defined as
[5, §3.2]

F(ρ, σ) =
(

Tr
√
ρ1/2σρ1/2

)2
, (4.6)

where ρ is the density matrix of the distributed state and σ the one of the reference.
In entanglement-based QKD protocols, the fidelity of the distributed state after prop-
agation through the free-space channel is critical for evaluating the overall system
performance [275].

4.6. Mitigation techniques
We can now track the different effects on the different properties of the single-photon
beam (and the other beams), due to opto-thermo-mechanical phenomena and the
impact that these effects have on the performance of satellite-based QKD systems. As
it has been shown, the photon transmission losses, crosstalk, and noise effects induced
by these phenomena can be very detrimental to the final performance of the system
in terms of SKR. In order to counteract this, we present in this section a summary
of several mitigation techniques that can be pursued to minimize these detrimental
effects. Most of the mitigation effects explained in §3 can be implemented in satellite-
based QKD systems. In this section, we will focus on the mitigation techniques applied
specifically for QKD protocols, with a focus on the most popular polarization-encoded
terminals.

One of the main sources of photon transmission loss is the one related to the
pointing jitter errors. In the mechanical domain, to minimize these errors, we can first
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act on reducing the microvibration sources, isolating the terminal and suppressing the
structural transmission path (see §3.6). In the optical domain, optical components
acting directly on the light beam need to be used to reduce the pointing jitter of the
incoming and outgoing beams. This is attained with the pointing assemblies and fast
steering mirrors onboard the satellite. Using these systems, the Micius satellite could
achieve a sub-microrad pointing jitter level [81]. Finally, in the quantum domain,
photon loss can be compensated with higher brightness sources [239] (unlike optical
classical communications, the non-cloning theorem, see §2, forbids the copying of
unknown arbitrary qubits, and therefore amplifying the signal).

To minimize the effects of photon loss due to thermo-mechanically induced optical
aberrations, adequate opto-themo-mechanical analysis and design is required [128].
Furthermore, athermalization of sources, optical components, and detectors will ensure
the correct performance of the system under the harsh space environment [338].

Single-photon detectors operating for quantum experiments and applications usu-
ally require the use of both passive [351] and active thermal control through cryocool-
ers or other systems [77, 95]. For instance, the entangled-photon source onboard the
Micius satellite achieved passive thermal and mechanical stability by using a thick
titanium alloy baseplate together with invar mounts [310]. It is important that the
microvibrations induced by these cryocoolers are properly damped so as not to in-
crease the pointing jitter of the terminals significantly. Other thermal effects, such
as the random phase noise induced by thermal fluctuations of the environment when
using frequency-bin encoding, can be corrected via real-time adaptive phase rotation
of the measurement basis [271].

A special focus must be given to polarization perturbation mitigation techniques
in satellite-based QKD, since most current implementations rely on polarization-
encoding. Several strategies have been proposed and demonstrated to counteract
polarization degradation arising from opto-thermo-mechanical effects and relative mo-
tion. One approach is the use of polarization-maintaining designs, as demonstrated in
Ref. [62]. By employing polarization-maintaining coatings, carefully designed wave-
plates, and compensation across different optical components, the Micius satellite
achieved a polarization extinction ratio (PER) well below 500:1, ensuring high-fidelity
transmission of polarization states. Another critical source of polarization errors is
attitude drift between the satellite and ground stations. Mitigation techniques in-
clude active polarization tracking systems [273, 339, 352, 353], which dynamically
compensate for relative rotations of the polarization basis. Alternatively, some ap-
proaches avoid active tracking altogether by performing quantum state tomography
to reconstruct and correct the polarization states at the receiver [354]. A practical
implementation of polarization stabilization is described in Ref. [246], where a two-
step polarization compensation scheme with rotatable waveplates was employed. In
this design, compensation first corrects the birefringence introduced by the onboard
single-mode fiber, followed by adjustment for the polarization rotations due to satel-
lite attitude drift. With proper temperature control, the onboard waveplates can
remain calibrated for months, while compensation of relative rotations must still be
performed in real time. Beyond active compensation, more fundamental solutions in-
volve encoding strategies that are inherently robust to reference-frame misalignment.
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For example, decoherence-free subspaces for polarization communication [5, §5.3] with
alignment-free encoding techniques [277] could provide alternative ways to mitigate
polarization rotation without requiring real-time feedback systems.

4.7. Summary and future work
We have reviewed the different architectures proposed for distributing quantum keys
between widely separated stations using space-assisted solutions. An overview of the
optical and quantum hardware required in both transmitter and receiver satellite-based
QKD terminals has been presented, considering different architectures and encoding
schemes. To ensure reliable satellite-based QKD systems, it is essential to assess
the impact of the harsh thermo-mechanical environment in space. Accordingly, the
various opto-thermo-mechanical phenomena induced by these loads –such as rigid
body motions, surface deformations, and stress birefringence–have been systematically
described, along with their effects on the optical and quantum components of the
terminal. To enable an end-to-end characterization of these effects, their influence on
photon transmission probability, crosstalk, and background noise has been translated
into final performance parameters of satellite-based QKD schemes: secret key rate,
quantum bit error rate, and fidelity. Finally, mitigation techniques to suppress or
compensate for these opto-thermo-mechanical effects have been presented.

It has been observed that significant effort has been devoted to the development
of polarization-encoded satellite-based QKD systems. This has provided a deep un-
derstanding of polarization perturbations in physical systems and led to the advance-
ment of various polarization compensation technologies. However, other encoding
techniques –such as frequency, time-bin (see §7) or OAM–still require further investi-
gation to assess their suitability for space deployment and to fully characterize their
fundamental limitations (e.g. challenges of orbital angular momentum encoding over
large distances and finite apertures). Moreover, as highlighted in Ref. [239] and in
the spirit of extending communication distances, the development and eventual space
qualification of quantum memories will be crucial for enabling a truly global quantum
information network (see §7). Beyond quantum cryptography applications, future
work on satellite-based quantum network architectures should expand on applications
such as blind quantum computing [355, 356], quantum-enhanced sensing networks
[267, 357–359], global time-keeping [357], and experimental tests probing fundamental
physics [360].
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𯿾 ❈ 𯿿

Optical aberrations and
pointing jitter
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Among the various opto-thermo-mechanical phenomena discussed in the previous
chapters that influence optical and quantum free-space optical communications, this
section focuses on three key effects: beam truncation, optical aberrations, and point-
ing jitter. On the transmitter side, beam truncation due to a finite aperture leads
to diffraction, thereby reducing the transmitted power –or photon transmission prob-
ability. Optical aberrations further distort the far-field irradiance, or photon spatial
distribution, at the receiver aperture plane. These two effects alter the ideal Gaussian
beam typically emitted by the source, requiring the consideration of more complex field
distributions. We therefore go beyond the Gaussian beam approximation to accurately
model the propagation of realistic optical fields. Furthermore, in combination with
these wavefront imperfections, the transmitter’s pointing jitter introduces stochastic
fluctuations in the received power– or photon transmission probability.

This part presents models to quantitatively assess these effects in satellite-based optical
and quantum free-space communication systems. To evaluate the impact of truncation
and optical aberrations on electromagnetic fields, §5 provides a concise overview of
wave-optical propagation using Fourier optics. The influence of finite transmitter aper-
tures –i.e., truncation– on free-space optical communication performance is examined
in §6, which also analyzes how optical aberrations and pointing jitter degrade inter-
satellite communication links. Subsequently, §7 explores a quantum communication
application, modeling the effects of imperfections in satellite-based quantum-repeater
entanglement distribution, including those introduced in §4 (e.g., dark counts, pointing
jitter, and entanglement-swapping errors). Finally, §8 takes a further practical step
by modeling satellite-assisted entanglement distribution for quantum key distribution.
Building upon the framework established in §7, this chapter incorporates optical trunca-
tion effects and proposes beam optimization strategies to enhance system performance
under realistic conditions.
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Chapter 5

Physical optics
Wave propagation with Fourier optics

A body actually enlightened may become obscure by adding
new light to that which it has already received.

Francesco Maria Grimaldi

All models are wrong, but some are useful.

George E.P. Box

As discussed in previous chapters, the effects of finite apertures and optical aberra-
tions must be carefully evaluated in both free-space optical and quantum communi-
cation systems. To accurately model the influence of Gaussian beam truncation and
optical aberrations, this chapter introduces the Fourier optics formalism. The under-
lying assumptions, approximations, and hypotheses of the employed methods –namely,
the angular spectrum, Fresnel diffraction, and Fraunhofer diffraction approaches– are
examined in detail to assess their applicability across different propagation regimes. In
addition, a brief discussion is presented on the applicability of this formalism to quan-
tum fields in the single-photon regime, which is essential for the analysis of quantum
communication systems in the subsequent chapters.
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5.1. Introduction
In this thesis, the simulation and analysis of light propagation play a central role in
understanding and predicting the behavior of optical fields in various configurations.
Accurately modeling the propagation of optical waves is essential, as many of the phe-
nomena investigated throughout this work depend on the spatial evolution of both the
amplitude and phase of the electromagnetic field. In particular, optical wave propaga-
tion will be required in several parts of this thesis. The effects of clipping and optical
aberrations, which alter the phase and amplitude distribution of a propagating beam,
will be analyzed in detail in §6 and §8. Furthermore, the results presented in Part III
rely heavily on accurate propagation models. For instance, the generation of annu-
lar beams through a spiral phase plate is simulated using Fourier optical propagation
methods, as described in §9-10. Additionally, in §11, the phase screen required for
beam shaping is obtained via phase retrieval algorithms based on Fourier propagation
principles.

The use of Fourier-based methods, rather than ray-tracing or geometrical optics
approaches, is justified by the need to account for wave phenomena such as diffraction
and interference. When an optical beam is clipped, truncated, or encounters apertures,
diffraction effects become significant and cannot be accurately modeled within the ray-
optics formalism. Fourier optics, being rooted in the scalar wave equation, provides
a rigorous framework to capture these effects, enabling the analysis of both near-field
and far-field propagation regimes.

In this chapter, the main formulations of physical optics propagation methods will
be derived and discussed. Specifically, we will present the angular spectrum method,
the Fresnel diffraction integral, and the Fraunhofer diffraction approximation. Empha-
sis will be placed on the assumptions underlying each approach, the approximations
introduced during their derivation, and the limitations that result from these sim-
plifications. Understanding these aspects is crucial to ensure that the appropriate
propagation model is applied in subsequent chapters, depending on the optical setup
and the propagation distance involved. For a more comprehensive treatment of phys-
ical optics and propagation theory using the Fourier optics framework, the reader is
referred to [8, 361].

We begin our derivation of the propagation equations by considering the vectorial
wave equation for the electric field. As introduced in §2, the electromagnetic field
can be described in the framework of classical field theory by the vectorial electric and
magnetic fields, E(r, t) and H(r, t), which satisfy Maxwell’s equations. Particularly, in
Eq. (2.9), the vectorial plane wave equation for a monochromatic wave (Assumption 1),
in a linear, homogeneous, isotropic, and non-dispersive medium (Assumption 2), was
obtained as (

∇2 + k2)A(r) = 0. (5.1)
Under these conditions, the components of the electric field are decoupled, and each
component satisfies an independent vectorial wave equation. When these assumptions
do not hold –such as in nonlinear, anisotropic, or inhomogeneous media– coupling be-
tween the field components arises, and the scalar approximation breaks down. Where
it is nonlinear, anisotropic, or inhomogeneous media would directly enter the vecto-
rial wave equation through n no longer being a scalar but a tensor nji (E, r, t, λ). In
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some practical cases, such as propagation through atmospheric turbulence where n(r)
varies spatially, these variations are extremely small, and the coupling between field
components can be safely neglected.

Although it is not strictly necessary to invoke the paraxial approximation to reduce
a vectorial field to a scalar one, the small-angle approximation (Approximation 1) is
often convenient. When the aperture size is on the order of the wavelength, diffraction
can occur at relatively large angles with respect to the optical axis (e.g., the z direc-
tion). In contrast, the small-angle approximation effectively corresponds to considering
apertures that are large compared to the wavelength of interest, such that diffraction
occurs primarily near the forward direction [8]. As shown by Lax et al. [362], under
the small-angle approximation, a first-order expansion of Maxwell’s equations yields
the standard scalar wave equation for each of the transverse field components, Ax and
Ay. The longitudinal component, Az, can then be obtained to first order from the
transverse components by enforcing the divergence-free condition, ∇ · E(r, t) = 0. In
this regime, Az is typically much smaller - often negligible - compared to the transverse
components. For larger diffraction angles, higher-order corrections become significant
(see Ref. [362] for second-order terms). Although partial decoupling of the field com-
ponents remains possible, the resulting scalar differential equations lose their simple
form. Furthermore, under conditions of large-angle diffraction - or equivalently, for
apertures small compared to the wavelength - the complete vectorial treatment of the
field becomes necessary [363].

Considering all the above approximations (Ass. 1-2 and App. 1), the transversal
components of the field can be considered independently and the longitudinal com-
ponent can be neglected. In this case, Maxwell’s equations are reduced to the scalar
Helmholtz equation (see (2.9)) for the transversal components as(

∇2 + k2)U(r) = 0. (5.2)

The goal of the following sections is to determine the scalar field U(x, y, z) at any
propagation distance z, given the field distribution U(x, y, 0) at the input plane. This
framework forms the foundation for the Fourier optical propagation methods, i.e., the
angular spectrum, Fresnel, and Fraunhofer formulations, that will be derived in the
next subsections.

5.2. Angular spectrum of light
Having established in the previous section that the optical field can be described by
the scalar Helmholtz equation, we now seek an explicit solution that allows the field
to be propagated from one plane to another. One powerful and general approach
to this problem is the angular spectrum method, which expresses any optical field
as a superposition of plane waves, each being an exact solution of the Helmholtz
equation. This representation naturally connects the spatial and frequency-domain
descriptions of optical propagation and forms the basis of many Fourier optics analyses.
If the complex optical field U(x, y, 0) is known on the input plane z = 0, it can be
expressed as a weighted superposition of plane waves using the two-dimensional Fourier
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transform:

U(x, y, 0) =
∫∫ ∞

−∞
A(fx, fy, 0) exp[j2π(fxx+ fyy)] dfx dfy, (5.3)

where A(fx, fy, 0) represents the angular spectrum of plane-wave components at the
plane z = 0. Each of these plane waves is itself a solution to the scalar wave equation.
Therefore, the propagation of each plane-wave component to a plane at distance z is
obtained simply by the accumulation of a phase factor corresponding to its longitudinal
wavenumber kz

A(fx, fy, z) = A(fx, fy, 0) exp
(
j kz z

)
, (5.4)

where kz =
√
k2 − k2

x − k2
y =

√
k2 − (2πfx)2 − (2πfy)2. A necessary condition for kz

to be real is that the transverse wavenumber components satisfy the non-evanescent
condition k2

x+k2
y < k2 (Hypothesis 1). When this condition is not met, i.e., k2

x+k2
y >

k2, the corresponding components represent evanescent waves, for which kz becomes
imaginary. In this case, Eq. (5.4) results in an exponential decay A(fx, fy, z) =
A(fx, fy, 0) exp

(
− µz

)
, where µ =

√
k2
x + k2

y − k2 is real and positive. These evanes-
cent components decay over a distance on the order of one wavelength and therefore
do not contribute significantly to the field at larger propagation distances relevant to
this thesis. Physically, in regions dominated by evanescent waves with a single inter-
face, as in our case, the time-averaged Poynting vector is zero, indicating that no net
energy is transported.

Since the scalar wave equation is linear, the total field at any propagation distance
z can again be expressed as a superposition of plane waves. The propagated field
U(x, y, z) is therefore given by the inverse Fourier transform of the propagated angular
spectrum

U(x, y, z) =
∫∫ ∞

−∞
A

(
α

λ
,
β

λ
, 0
)

exp
[
j

2π
λ

√
1 − α2 − β2 z

]
× circ

(√
α2 + β2

)
exp
[
j

2π
λ

(αx+ βy)
]
dfx dfy,

(5.5)

where the direction cosines α = λfx and β = λfy are used for convenience, and the cir-
cular aperture function is used to exclude the negligible contribution of the evanescent
components. This cutoff imposed by the circ function provides a physical interpreta-
tion: it represents the fundamental resolution limit of conventional optical systems.
Only spatial frequencies satisfying f2

x + f2
y < 1/λ2 are transmitted, meaning that no

imaging system relying solely on propagating waves can resolve features with spatial
periods smaller than the optical wavelength. Finally, the diffraction process described
by the angular spectrum method in Eq. (5.5) can be interpreted as a linear spatial
filtering operation, where the transfer function is determined by the propagation phase
term and the circular cutoff of the evanescent spectrum.

5.3. Fresnel propagation
In the previous subsection, the angular spectrum method provided a frequency-domain
solution to the Helmholtz equation, describing wave propagation as a superposition
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of plane waves. An equivalent approach can be formulated directly in the spatial
domain by invoking Green’s theorem, leading to the Rayleigh–Sommerfeld diffraction
integrals. From these, the Fresnel and Fraunhofer diffraction approximations naturally
arise, providing practical tools to model near- and far-field propagation from apertures.

Starting from Green’s theorem and defining a suitable Green’s function G(r) that
satisfies the homogeneous scalar wave equation in (5.2), the field at a point r0 can be
expressed as

U(r0) = 1
4π

∫∫
S

(
∂U

∂n
G− U

∂G

∂n

)
ds, (5.6)

where S is an arbitrary closed surface enclosing r0, and n denotes the local outward
direction normal to the surface (see Fig. 5.1(a)). The quantity r01 = |r1−r0| represents
the distance between the observation point r1 and the differential surface element
located at r0. This relation expresses the field at any point as a function of the field
and its normal derivative on a surrounding surface.

To obtain a diffraction formula for an aperture, we specify the integration surface
S as the union of the aperture plane S1 and a spherical dome of radius R centered
on the observation point r0, as shown in Fig. 5.1(a). The spherical dome lies in the
same half-space as the observation point relative to the aperture plane. At this point,
another hypothesis about the asymptotic behaviour of the field at large distances needs
to be made, i.e., the Sommerfield radiation condition (Hypothesis 2). This condition,
is imposed in the field U(r) at the spherical surface shown in Fig. 5.1(a) as

lim
R→∞

R

(
∂U

∂n
− jkU

)
= 0. (5.7)

This ensures that the field U decays at least as rapidly as an outgoing spherical wave,
thereby excluding unphysical incoming waves. Consequently, the contribution from
the spherical cap in Fig. 5.1(a) vanishes as R → ∞.

Figure 5.1: Diffraction geometries. (a) Integration surface used in scalar diffraction
theory. (b) Geometry of diffraction from a planar aperture.

By choosing the Green’s function as

G±(r1) = exp(jkr01)
r01

± exp(jkr̃01)
r̃01

, (5.8)
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where r̃01 = |r1 − r̃0| and r̃0 is the mirror image of the integration point with re-
spect to the aperture plane S1. Letting the propagation distance be much larger
than the wavelength, i.e., r01 ≫ λ (Approximation 2), and R → ∞, we obtain the
Rayleigh–Sommerfeld diffraction formulas

U−(r0) = 1
jλ

∫∫
Σ
U(r1) exp(jkr01)

r01
cos(n, r01) ds, (5.9)

U+(r0) = 1
jλ

∫∫
Σ

∂U(r1)
∂n

exp(jkr01)
r01

ds, (5.10)

where the subscript signs correspond to the choice of G± in Eq. (5.8) and the inte-
gration is done over the aperture area Σ. The first of these expressions, U−(r0), is
consistent with the Huygens-Fresnel principle, representing the field at a point as the
superposition of secondary wavelets emitted by the aperture. Although the derivation
assumes monochromatic illumination (Ass. 1), it can be generalized to broadband
fields by superposing the different temporal frequency components of the considered
broadband field. For sufficiently narrowband light, the monochromatic assumption
introduces negligible error, which applies in this work.

From the first Rayleigh-Sommerfeld diffraction formula in Eq. (5.9), and using the
planar geometry in Fig. 5.1(b), the field at an observation plane z can be written as

U(x, y) = z

jλ

∫∫ ∞

−∞
U(ξ, η) exp(jkr01)

r2
01

dξ dη, (5.11)

The distance r01 can be approximated using a binomial expansion as

r01 =
√
z2 + (x− ξ)2 + (y − η)2 ≈ z

[
1 + 1

2

(
x− ξ

z

)2
+ 1

2

(
y − η

z

)2
]
. (5.12)

when the paraxial approximation (x−ξ)2+(y−η)2 ≪ z2 (Approximation 3) is fulfilled.
Substituting this binomial approximation into Eq. (5.11), and retaining only the first
term r01 ≈ z in the denominator1, we obtain the Fresnel diffraction integral

U(x, y) = exp
[
jk

2z (x2 + y2)
]

exp (jkz)
jλz

×
∫∫ ∞

−∞

{
U(ξ, η) exp

[
jk

2z (ξ2 + η2)
]}

× exp
[
−j2π
λz

(xξ + yη)
]
dξ dη.

(5.13)

This equation then represents a Fourier transform of the product of the input field and
a quadratic phase factor. The binomial approximation (Eq. (5.12)) remains valid as
long as the additional phase error due to neglected higher-order terms is much smaller
than one radian. A sufficient condition for this to hold is [8, §4.2]:

z3 ≫ π

4λ
[
(x− ξ)2 + (y − η)2]2

max . (5.14)

1In the exponential factor exp(jkr01) the second terms of the expansion in Eq. (5.12) also need to
be considered, as the error in this factor can be significant otherwise.
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When this condition is fulfilled, Eq. (5.13) provides an accurate and computationally
efficient description of optical wave propagation in the near-field (Fresnel) regime,
bridging the gap between the exact Rayleigh–Sommerfeld formulation and the far-
field Fraunhofer approximation.

5.4. Fraunhofer propagation
When considering propagation to planes located at distances z even larger than those
for which the Fresnel approximation holds, the quadratic phase term exp

[
jk(ξ2 + η2)

/ (2z)] can be approximated as unity, provided that

z ≫ k(ξ2 + η2)max

2 . (5.15)

Under this condition (Approximation 4), Eq. (5.13) simplifies to

U(x, y) = exp
[
jk

2z (x2 + y2)
]

exp (jkz)
jλz

×
∫∫ ∞

−∞
U(ξ, η) exp

[
−j2π
λz

(xξ + yη)
]
dξ dη,

(5.16)

which defines the Fraunhofer propagation approximation. Another way of satisfying
the App. 4 is usually written as

z >
2D2

λ
, (5.17)

where D denotes the characteristic size of the aperture.
The Fraunhofer propagation formula is relevant not only when the propagation

distance z is large, but also when light is focused by a thin lens. For a thin lens under
the paraxial approximation, the phase introduced by the lens is given by

tthin-lens(x, y) = exp
[
− jk

2f (x2 + y2)
]
, (5.18)

where f is the focal length of the lens. Using the Fresnel propagation equation
(Eq. (5.13)), and assuming that the field U(x, y) is known immediately in front of
the lens (i.e., the object field is located against the lens), the combined effect of the
lens phase and its finite aperture –described by the pupil function A(ξ, η)– leads to
the following expression for the field at the focal plane (see [8, §5.2]):

Uf (x, y) = 1
jλf

exp
[
jk

2f (x2 + y2)
]

×
∫∫ ∞

−∞
A(ξ, η) exp

[
−j2π
λf

(xξ + yη)
]
dξ dη,

(5.19)

This expression is identical in form to the Fraunhofer diffraction integral in Eq. (5.16).
Therefore, the Fraunhofer approximation not only describes far-field diffraction from
an aperture but also the field distribution at the focal plane of a thin lens when an
object is placed directly against it.
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In summary, the scalar diffraction theory (that is satisfied under the Ass./Hyp. 1-1)
is most exactly predicted by the angular spectrum formalism in Eq. (5.5), which does
not consider the evanescent field. For increasing propagation distances, the Fresnel
propagation approximation in Eq. (5.13) becomes applicable (that is satisfied under
the additional App./Hyp. 2-3). Finally, for larger propagation distances involving the
condition App. 4, the Fraunhofer propagation approximation in Eq. (5.16) becomes
valid.

In general, the field at the source plane, U(x, y, 0), cannot be propagated ana-
lytically using the formulations presented in this section. To address this limitation,
numerical Fourier propagation techniques are employed. In these methods, the bidi-
mensional Fourier transforms appearing in Eqs. (5.5), (5.13), and (5.16) are replaced
by discrete Fourier transforms (DFT), which can be efficiently implemented computa-
tionally [364]. However, such numerical implementations can introduce artefacts –for
instance, aliasing effects inherent to discrete Fourier transforms. To minimize these
errors, the numerical considerations and sampling conditions discussed in Ref. [364,
§7] must be satisfied. In summary, the conditions that need to be fulfilled in all the
formulations above are

δ2 ≤ −D2

D1
δ1 + λz

D1
, N ≥ D1

2δ1
+ D2

2δ2
+ λz

2δ1δ2
, (5.20)

where D1 and D2 are the source and observation planes extents, and δ1 and δ2 are the
spacing in these planes, respectively. The number of elements in the grid is N×N , and
is the same for both source and observation planes. For Fresnel propagation (which
will be the most used in the results presented in this thesis), as the spacing relation
δ2 = λz/Nδ1 needs to be fulfilled, the previous conditions and another extra condition
that avoids aliasing (considering the source field to have a parabolic wavefront with
radius R) are

N ≥ D1λz

δ1(λz −D2δ1) , z ≥ D1δ1R

λR−D1λ1
, (5.21)

the latter condition converting to z ≥ D1δ1/λ for R → ∞.

5.5. Propagation of single-photon states
So far, the propagation of classical electromagnetic waves ruled by Maxwell’s equations
under certain hypotheses has been presented. This will be valuable for the propagation
of light beams in classical free-space optical communications (see §6,§9 and §10).
However, as presented in §2 and §4, quantum communications can operate in the
single-photon regime. Then the question arises: how do we propagate single-photon
quantum states over the free-space channel and how do diffraction phenomena affect
these states?

To answer this question, we remember that the irradiance associated with a single-
photon state in the paraxial regime can be interpreted as the probability density func-
tion of the localization of the single-photon (see §2.1.2). Although phenomenologically
this can be easily understood by considering the double slit experiment with single-
photons –that results in the same interference pattern as a classical electromagnetic
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wave– the mathematical justification of this in the context of quantum field theory
poses some challenges.

For free-space quantum communications, what is of primary importance is to eval-
uate the probability of capturing a single-photon state that was emitted by a distant
transmitter. Although this question is simple, its answer is not straightforward. This
is due to the fact that the position operator for the photon is ill-defined in the context
of quantum field theory [365]. Unlike other particles (e.g., nonrelativistic particles fol-
lowing the Schrödinger equation), this poses a challenge when trying to answer where
the photon is, and therefore what is the probability of capturing a photon by a finite
aperture. To solve this issue a first approach that requires no approximations to any
radiation regime was developed by Bialynicki-Birula [365]. Under the interpretation
presented by the author, the photon wave function Ψ(r, t) is defined as the normalized
positive energy (positive frequency) solutions to the photon wave equations derived
from Maxwell’s equations, in which the defined photon wave function in coordinate
representation no longer follows the usual rule Ψ(r) = ⟨r|Ψ⟩. Furthermore, the normal-
ization is required to give the probabilistic interpretation sought for. This convenient
picture of the photon, although controversial, is useful as it allows us to interpret the
quantum excitations of the electromagnetic vector field (see §2.1.2) as the probability
of finding the energy associated with the excitation (i.e., the photon) in each point of
space. By using the well-defined momentum representation of the single-photon states
and their related scalar product, the scalar product in the coordinate representations
is obtained. Equipped with this scalar product in coordinate representation, several
operators of interest, such as the energy operator, can be obtained. Finally, this en-
ergy operator allows for the interpretation of the photon wave function in coordinate
representation to give probabilistic information of where the energy of the excitation of
the field (i.e., the energy of the photon) is located. This last factor is why several au-
thors have called the photon wave function the energy wave function [366]. Under this
interpretation, and bounded by the limitations of the so-called photon wave function
in coordinate representation (arising from the ill-defined photon position operator),
the photon wave function can be used to evaluate the probability of the energy of
the single-photon state being in a certain volume or crossing a certain area (which is
useful to evaluate the performance of free-space quantum communication channels).

Another approach that is useful for our context is the one followed by Aiello et
al. [11–13]. Not only does it allow for the probabilistic interpretation of the photon
as Bialynicki-Birula [365], but it also provides the formalism for the propagation of
single-photon states. Aiello et al. solve the problem of not having a well-defined
position operator by using the paraxial approximation in scalar wave optics (App. 3).
Under this condition, the well-behaved position operator in the transversal plane –
perpendicular to the propagation paraxial direction– can be defined, and it can be
shown that eigenstates of this position operator satisfy a Schrödinger equation [12,
Eq. (109)]. Hence, the wave function of the scalar field associated with these photon
states can now be interpreted in a similar manner to Bialynicki-Birula, but without
the inconvenience of an ill-defined position operator.

Thanks to this interpretation by Aiello et al., we can finally answer our original
question on how to propagate single-photon states in free-space. In Ref. [13, Eq. (22)],
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the authors derive the quantum mechanical analogue to the first Rayleigh-Sommerfeld
diffraction formula in Eq. (5.9) (or the equivalent Huygens-Fresnel principle). There-
fore, as the single-photon states are also affected by the diffraction on the apertures in
the same way as classical waves are, the propagation phenomena of the single-photon
states can be treated on the same grounds as classical wave optics by using the Fourier
optics techniques presented above. Combining the propagation of single-photon states
and their probabilistic interpretation, the probability of a single-photon state that is
diffracted by a transmitted aperture, being captured by a finite receiver aperture, can
be computed in the context of free-space quantum communications (see §7-§8).

Using the Fourier propagation formalism presented in this chapter, the effects of
truncation and optical aberrations in the far-field irradiances can be analyzed. In the
following chapters, these diffraction effects and the pointing jitter will be analyzed in
a coupled manner to assess their impact on satellite free-space optical and quantum
communications.



Chapter 6

Optimal truncation and Seidel
optical aberrations

Finite aperture and aberration effects on intersatellite
free-space optical communications

The idea of distinguishing probability
distributions is slippery business.

Christopher Fuchs

This chapter analyzes the combined effects of transmitter pointing jitter and optical
aberrations on intersatellite free-space optical (classical) communication links. Build-
ing upon the Fourier propagation formalism introduced in §5, a mathematical frame-
work is developed that integrates this approach with a statistical captured power model
to evaluate key performance metrics, including the average bit error probability, outage
probability, and link reliability under realistic perturbations. To establish a reference
baseline, optimal non-aberrated truncated Gaussian beams under pointing jitter are
first computed for several telescope architectures, revealing a strong dependence of sys-
tem performance on the far-field irradiance distribution. The subsequent inclusion of
Seidel aberrations shows that free-space optical terminals are particularly sensitive to
coma, primarily due to the induced apparent angle-of-arrival deviation on the beacon
beam. Finally, Monte Carlo simulations incorporating multiple aberrations confirm
that the sensitivity of communication performance is strongly influenced by the tele-
scope architecture. Together, these results offer valuable insights for the design of
robust and high-reliability intersatellite optical communication systems.

The content of this chapter is based on the Ref. [367] Badás, M. et al. "Seidel optical aberrations
and optimum truncated Gaussian beams on intersatellite free space optical communications". Optics
Express 33, Issue 16, pp. 33686-33703 (2025).
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6.1. Introduction
The growing demand for secure, high-throughput global communications positions
free-space optical communication as a strong alternative to radio-frequency systems.
Its highly directional laser beams enable enhanced security and power efficiency. In
this context, intersatellite optical links are essential for long-distance connectivity.
However, as discussed in §3, spaceborne optical terminals operate under harsh and
dynamic conditions. Thermo-mechanical loads induce microvibrations and structural
deformations, leading to pointing jitter that stochastically misaligns the transmitted
beam from the receiver. Although partially mitigated by pointing control systems, a
residual jitter remains and degrades system performance. Combined with the finite
transmitter aperture, this limits the achievable beam directionality. Additionally,
thermo-mechanical effects introduce optical aberrations that distort both transmitted
and received beams, altering their irradiance profiles and further reducing performance
(see Fig. 6.1). While similar effects impact reception –causing fluctuations in angle of
arrival and reduced coupling efficiency– these are beyond the scope of this work [116,
368–370]. Overall, pointing jitter and optical aberrations degrade intersatellite link
performance, for example, by increasing data loss in LEO-GEO links.

Analyzing the effect of the coupled phenomena given by the transmitter pointing
jitter and optical aberrations is necessary for establishing requirements for the optical
design of space terminals. On the one side, there is a fair amount of literature analyz-
ing the effect of pointing jitter on intersatellite optical links, such as the early works by
Kiasaleh and Toyoshima to mention a few [118, 151]. Analyses combining the effect of
the pointing jitter and other in-orbit perturbations can be found in Refs. [315, 371].
Furthermore, the effect of transmitter optical aberrations on the mutual alignment
error has also been studied in depth [372–376]. The effect of optical aberrations in the
propagation of a Gaussian beam can also be found in the literature [377–381]. Finally,
a simplified analysis of the combined effect of transmitter pointing jitter and optical
aberrations has been developed by Yang et al. [158, 382]. However, the combined
effect of transmitter pointing jitter and optical aberrations, considering the mutual
alignment error (or the related apparent angle of arrival that is defined later in the
present chapter) and the finite aperture effects, on different communication parame-
ters, is lacking in the literature. In this chapter, we present a model that encompasses
all this coupled phenomena, enabling a more accurate evaluation of the perturbations
mentioned. This chapter will provide insight in the interplay between these pertur-
bations and how the communication performance of the system is affected (§6.3.2).
Furthermore, it will help determine the requirements for admissible pointing jitter
and optical aberrations in FSOC satellite terminals. In summary, this chapter aims
to provide a step forward in developing the next generation of reliable intersatellite
optical communications.

We first explain the mathematical model developed to evaluate the impact of point-
ing jitter and transmitter optical aberrations in §6.2. The effects of optical aberrations
on both the transmitted communication beam and the received beacon beam are ac-
counted for through wave optics propagation as presented in §6.2.1 and §6.2.2. The
mathematical models to compute the received power statistics due to the stochastic
transmitter pointing jitter are presented in §6.2.3 and §6.2.4. From these statistics,



6.2. Wave optics propagation and communication performance 105

different communication performance parameters can be obtained (§6.2.5). Using the
proposed model, the optimum far-field irradiance distributions for different commu-
nication performance parameters, when considering a truncated Gaussian beam are
obtained for different transmitter architectures (§6.3.1). This is done considering only
the transmitter pointing jitter, without optical aberrations. These optimized solu-
tions are then perturbed with transmitter optical aberrations to evaluate the impact
of these on the communication performance. An analysis is presented showing the ef-
fect of each of the Seidel aberrations for different telescope architectures. Finally, the
combined effect of these Seidel aberrations acting altogether is assessed statistically
through Monte Carlo simulations.

Figure 6.1: Illustration of the effect of the transmitter and receiver wavefront errors
and pointing jitters. θT and θR represent the transmitter pointing error and receiver
angle of arrival at a certain instant of time, respectively. In the top left figure, only
the sensor of the tracking system is shown for simplicity, while the complete tracking
system would also have actuators (i.e. coarse and fine-pointing assemblies).

6.2. Wave optics propagation and communication performance
In this section, the mathematical model to compute the performance of an intersatellite
link under transmitter pointing jitter and wavefront errors is presented. Firstly, the
computational optical model to obtain the far-field diffraction pattern is presented.
Secondly, the effect of the optical aberrations on the received beacon, which materialize
as mutual alignment errors, are presented. Then, the far-field irradiance and the
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pointing jitter statistics are combined to obtain the statistics of the received power.
Finally, the received power statistics are used to compute different communication
performance parameters of the intersatellite link. The block diagram in Fig. 6.2 shows
the overview of the steps followed in the model.

Figure 6.2: Diagram of the steps of the mathematical model to compute the effect
of optical aberrations on intersatellite FSOC. The mathematical expressions and the
relations between them are presented in the respective sections of the chapter.

6.2.1. Wave optics propagation: far-field diffraction patterns

For a complex electromagnetic scalar field in the transmitter aperture plane (including
the optical aberrations under study), the far-field irradiance pattern at the receiver
aperture plane can be obtained through Fourier optics (see §5). A Gaussian beam
is considered as the output of the laser source in the transmitter [118]. However,
due to the diffraction effects of the transmitter aperture and the optical aberrations,
the outgoing beam is no longer purely Gaussian. Given that different transmitter
telescope architectures will yield different far-field diffraction patterns, three differ-
ent architectures are considered in this chapter. In Fig. 6.3 these architectures are
illustrated. Fig. 6.3(a) shows the case of a telescope-centered Gaussian beam with
a central obscuration due to the secondary mirror. Fig. 6.3(b) shows the case for a
clear aperture telescope. This case is also representative of a clear refractive telescope,
not necessarily an off-axis reflective one as shown in the figure. Fig. 6.3(c) shows the
case in which the central obscuration of the telescope is avoided by using an off-axis
subaperture. In §6.3.2 the differences between the clear and subaperture architectures
are emphasized. In the nominal case (without optical aberrations), the system should
be designed so that the outgoing beam contains as much of the power available, and
the far-field irradiance of the beam is optimum for the given pointing jitter [118]. The
electrical field for a Gaussian beam of wavelength λ in a homogeneous medium with
index of refraction n is

UG(x, y, z) = U0
w0

w(z) exp
(

−x2 + y2

w(z)2

)
exp

[
−i
(
kz + k

x2 + y2

2R(z) − ν(z)
)]
, (6.1)
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Figure 6.3: (a)-(c) Transmitted beam truncation and obscuration for three different
transmitter architectures analyzed: (a) obscured, (b) clear, and (c) subaperture archi-
tectures. (d) The receiver’s aperture plane shows the far-field irradiance pattern at a
certain instant with pointing error (x0, y0) as seen from the inside of the receiver.

where

w(z) = w0

√
1 +

(
z

zR

)2
, R(z) = z

[
1 +

(zR

z

)2
]
, ν(z) = arctan

(
z

zR

)
,

w(z) is the beamwidth of the beam at a distance z from the beamwaist, R(z) is the
radius of curvature of the Gaussian beam wavefront, ν(z) is the Gouy phase and
zR = πw2

0n/λ is the Rayleigh distance. When transmitting a Gaussian beam, the
finiteness of the telescope aperture will truncate and obscure the Gaussian beam to a
higher or lower extent. The need for each of these different architectures is given by the
telescope design trade-off [317]. For each of these architectures, the divergence of the
outgoing beam can be adjusted by adjusting the beamwidth w(z) and the curvature
of the wavefront R(z) in the transmitter’s aperture plane. Instead, in this chapter,
the outgoing Gaussian beam will be characterized by the beamwidth w(z) = wz at the
transmitter aperture plane, and the underlying beamwaist w0 (see Fig. 6.3(c)). In the
supplemental document of Ref. [367], a simplified explanation of how these parameters
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can be adjusted through optical design of the system is presented by using the ABCD
matrix method.

Depending on the transmitter telescope architecture considered, the field in the
transmitter aperture is given by

Ut(ξ, η) = UG(ξ, η, zt) A(ξ, η) exp [j ψWFE(ξ, η)] Fig. 6.3a and 6.3b, (6.2)
Ut(ξ, η) = UG(ξ, η − η0, zt) A(ξ, η) exp [j ψWFE(ξ, η)] Fig. 6.3c, (6.3)

where η0 corresponds to the decentering of the beam axis with respect to the telescope
optical axis and zt = zR

√
(wz/w0)2 − 1 is given by the beamwidth at the transmitter

aperture wz and the underlying beamwaist w0. The optical aberrations have been
included via the additional phase ψWFE(ξ, η), and A(ξ, η) is the transmitter aperture
function is given by

A(ξ, η) =
{

1 if a ≤
√
ξ2 + η2 ≤ b

0 else,
(6.4)

where b and a are the primary and secondary mirror radii, respectively. The clear
aperture architecture in Fig. 6.3(b), has no secondary mirror, i.e., a = 0. In this
model, the effects of the transmitter’s optical aberrations are considered as if they
were being applied in the aperture plane of the transmitter. This is because most of
the optical aberrations due to in-orbit thermo-mechanical loads, will happen in the
primary mirror of the transmitter’s telescope. This is usually the optical component
that is the largest and most exposed to the space environmental loads [372]. The
additional phase ψWFE(ξ, η) representing the optical aberrations can be expressed in
polar coordinates using the Zernike polynomials Zmn (ρ, φ) [383]

ψWFE(ρ, φ) =
∞∑
n=0

(
n∑

m=−n
anm Zmn (ρ, φ)

)
, (6.5)

where anm are the coefficients corresponding to the radial index n and the azimuthal
index m. Fig. 6.4 shows the first Zernike polynomials along with their classical de-
nominations. To compute the far-field irradiance distribution, the Fresnel diffraction
equation (see Eq. (5.13)) for wave propagation can be numerically evaluated with

Ur(x, y) = ejk∆z

jλ∆z e
j k

2∆z (x2+y2)
∫∫

R2

{
Ut(ξ, η) ej k

2∆z (ξ2+η2)
}
e−j 2π

λ∆z (xξ+yη)dξdη,

(6.6)
where Ur(x, y) is the field in the receiver aperture plane at a given distance ∆z from
the transmitter, and Ut(ξ, η) is the field in the transmitter aperture plane. In reality,
the receiver plane is tilted a small angle with respect to the perpendicular plane to
the transmitter optical axis (see Fig. 6.1). This tip-tilt is the combination of both
the transmitter and receiver angular pointing jitters. This deviation would create
not only a displacement as seen by the receiver considered in §6.2.3, but also a tip-
tilt of the received field [384–387]. However, for the small angular pointing jitters
involved in satellite optical communications, this effect is negligible. Combining the
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equations (6.2)-(6.5) above, Eq. (6.6) can be numerically evaluated using the fast
Fourier transform (FFT) to obtain the far-field Ur(x, y) on the receiver aperture plane.
Finally, the far-field irradiance distribution in the receiver’s aperture plane is obtained
by simply evaluating Ir(x, y) = |Ur(x, y)|2/2ς0, where the wave impedance is ς0 =
377 Ω for free-space. The source of the optical aberrations will be in orbit variations
of temperature over time [372], hence the variation of the far-field irradiance shape
will occur on the order of minutes at least (see §3). While large optical elements may
exhibit high-frequency temporal stochastic deformations due to microvibrations, this
work considers elements smaller than one meter, for which such effects are neglected.
Therefore, the effect of the optical aberrations is considered quasi-static compared to
the pointing jitter dynamics, the latter having a characteristic time on the order of
milliseconds [81, 112].

Figure 6.4: Zernike polynomials Zmn (ρ, φ) for different radial and azimuthal indices,
n and m respectively

6.2.2. Apparent angle of arrival and mutual alignment error

In the previous section, the model to compute the effect of the transmitter optical
aberrations in the far-field irradiance pattern has been presented. Furthermore, these
aberrations will also affect the diffraction pattern on the tracking detector plane of the
beacon coming from the receiver (see Fig. 6.1). As a result of the aberrated beacon
image on the tracking sensor, an apparent angle of arrival of the beacon signal will be
detected. This artifact, created by the optical aberrations, will command the tracking
system to point the outgoing beam towards the direction of this apparent angle of
arrival. In this chapter, we consider that the tracking sensor uses a center of gravity
algorithm to detect the direction of the incoming beacon. The type of algorithm
that can be used depends on the type of tracking sensor considered. When using a
quadrant photodiode with an axially symmetric irradiance shape, the usual quadrant
algorithm can yield similar results to that of the center of gravity algorithm [388].
When using a higher spatial resolution tracking sensor (e.g., a CCD), the center of
gravity and maximum irradiance algorithms are mostly used. For a comparison of
the apparent angle of arrival obtained when using a center of gravity or maximum
irradiance algorithms, see App. A.

At the large distances involved in intersatellite optical communications and the big
divergence used for the beacon beam, the beacon’s electric field is seen as a uniform
plane wave in the transmitter aperture plane. When the transmitter is pointing di-
rectly in the line of sight of the incoming beacon, the beacon’s complex field in the
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transmitter aperture plane (considering unit amplitude of the field) is given by

Ub(ξ′, η′) = A(−ξ′, η′) exp [−j ψWFE(−ξ′, η′)] , (6.7)

where again the optical aberrations and aperture diffraction effects have been included.
The negative sign in the phase field of the optical aberrations represents the fact that
the received beacon sees the inverse aberration of what the transmitted beam sees (see
Fig. 6.1). Furthermore, the (ξ′, η′) reference system used is consistent for propagating
the received beacon towards the transmitter terminal instead of outwards (see App. A
for more details on the reference systems used). The complex field in the tracking
sensor plane, Ud, is obtained via Fraunhofer diffraction equation [8], with an effective
focal length f that focuses the incoming beacon to the tracking sensor plane (see
Eq. (5.19)),

Ud(xd, yd) = 1
jλf

ej
k

2f (x2
d+y2

d)
∫∫

R2
Ub(ξ′, η′) e−j 2π

λf (xdξ
′+ydη

′)dξ′dη′, (6.8)

The irradiance can then be computed as Id = |Ud(xd, yd)|2/2ς0. Finally, by computing
the center of gravity (xG, yG) of this irradiance field as

xG =
∫∫

Id(xd, yd) · xd dxddyd∫∫
Id(xd, yd) dxddyd

, yG =
∫∫

Id(xd, yd) · yd dxddyd∫∫
Id(xd, yd) dxddyd

, (6.9)

the apparent angle of arrival directions, under small-angle approximation, on the track-
ing detector reference system can be obtained as

γd,x = xG

f
, γd,y = yG

f
, (6.10)

where f is the effective focal length. As the tracking algorithm corrects for this
apparent angle of arrival, the transmitted beam will be mispointed from the real beacon
direction (real direction of the receiver terminal) by a static boresight error. Hence,
the transmitted beam will be pointing in the direction given by the directional angles
(γx, γy) = (γd,x,−γd,y) as seen by the transmitter’s outgoing reference system (see
App. A for more details on the reference systems used). Toyoshima et al. [372] define
the mutual alignment error as the angle between the direction of the apparent angle
of arrival and the direction of the maximum irradiance of the aberrated transmitted
beam. While the apparent angle of arrival tells us the direction error between the real
receiver direction and the optical axis of the transmitted beam, the mutual alignment
error accounts for the direction error between the real receiver direction and the peak
irradiance direction of the transmitted beam. As commented in the previous section,
the variation of the optical aberrations is considered to be quasi-static compared to
the dynamics of the pointing jitter (which occur at ∼kHz, see §3). Therefore, the
apparent angle of arrival will be treated statically, including an additional boresight
error in the transmitter pointing jitter statistics.

6.2.3. Transmitter pointing jitter
Along with the effects of the transmitter optical aberrations presented in the previ-
ous sections, in-orbit microvibrations will generate a pointing jitter of the transmitted
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beam’s optical axis. Although this is usually mitigated by the pointing system, there
will always remain a residual pointing jitter affecting the transmitted beam (see §3).
Residual pointing jitter must be estimated by accounting for onboard microvibra-
tions and the mitigation from the optical pointing assembly. This jitter will create a
stochastic fading of the received power that will affect the performance of the system
as presented in the next section. The transmitter angular pointing jitter is usually
characterized by a centered symmetrical bivariate Gaussian distribution [118, 149,
154]. Theoretically, this assumption is justified by the central limit theorem, given
that the transmitted pointing jitter statistics are determined by a large number of
variables [389]. Furthermore, experimental verification of the previous can be found
in the literature [81, 85, 112, 390]. For the small-angle approximation, it can be shown
that this translates into a decenter error between the transmitted beam center and
the receiver’s axis (see Fig. 6.3(d)), characterized by a centered bivariate Gaussian
distribution. Finally, considering that the standard deviation in x and y axes are the
same (or in azimuth and elevation angles in the transmitter pointing), the probability
density function (PDF) of the pointing jitter is given by

fXY(x0, y0) = 1
2πσ2 exp

[
− (x0 − xb)2 + (y0 − yb)2

2σ2

]
, (6.11)

where (x0, y0) are the coordinates of the instantaneous error, (xb, yb) are the coordi-
nates of the boresight error and σ is the standard deviation of the bivariate Gaussian
distribution. Under the small angle approximation, the angular pointing jitter is de-
fined as σθ = σ/∆z, where ∆z is the link distance. In our model, the only source of
boresight error is the apparent angle of arrival, as explained in §6.2.2. For zero bore-
sight error, the previous PDF is converted to a Rayleigh distribution, fR(r), in radial
coordinates. When the problem at hand is fully axially symmetric, this distribution
can be useful [391].

6.2.4. Received power statistics

As seen by the receiver aperture plane, the effect of the thermo-mechanically induced
optical aberrations presented above is to have an aberrated far-field irradiance pattern
(§6.2.1), that is quasi-statically displaced by the mutual alignment error (§6.2.2).
Furthermore, the transmitter’s angular pointing jitter stochastically further deviates
the center of the aberrated far-field from the receiver aperture plane (§6.2.3). All these
effects together create a fluctuation of the power collected by the receiver aperture. In
this section, the expressions to obtain the received power statistics from the far-field
irradiance pattern and the pointing jitter statistics are presented.

The location of the far-field irradiance distribution in the receiver’s aperture plane
is affected by the transmitter pointing jitter. This stochastic process will produce re-
ceived power dynamics that will degrade the performance of the system. The received
power as a function of the location of the center of the transmitted beam, given by
the coordinates (x0, y0), can be computed through a bidimensional convolution of the
receiver’s aperture pupil and the far-field irradiance at the receiver’s aperture plane
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(see Fig. 6.3d)

P = g(x0, y0) =
∫∫

R2
I(x, y) A(x− x0, y − y0) dxdy = F−1{F(I) · F(A)}, (6.12)

where A(x, y) is the pupil function of the receiver, and the convolution theorem has
been applied to obtain the last equality in terms of Fourier transforms. This chapter
considers symmetric intersatellite links, in which the pupil function of the receiver
is the same as the transmitter’s (see Eq. (6.4)). When the change on the far-field
irradiance across a length equal to the diameter of the receiver telescope is negligible,
the previous expression can be simplified as g(x0, y0) ≈ A · I(x0, y0), where A is the
total area of the receiver’s aperture.

To evaluate the performance of a communication system, the received power statis-
tics are needed. Considering a slow fading channel, in which the modulation frequency
of the communication signal is orders of magnitude higher than the dynamics of the
power fading, the received power can be characterized by a PDF to later obtain com-
munication performance parameters [175]. As the dynamics of the pointing jitter are
on the order of kHz (see §3), compared to the usual MHz modulation frequencies, the
slow fading channel is a good approximation for our analysis. To obtain the PDF of the
received power, the power as a function of the displacement of the beam (Eq. (6.12))
can be combined with the PDF of the position of the center of the beam in the receiver
aperture plane (Eq. (6.11)). Using these functions and the expression to obtain PDFs
from statistically dependent variables [392], the PDF of the received power can be
obtained as

fP(P ) =
∫∫ ∞

−∞
fXY(x0, y0) δ [P − g(x0, y0)] dx0 dy0, (6.13)

where δ(x) is the Dirac delta function. When both the irradiance field and the trans-
mitter pointing jitter PDF are axially symmetric, the simplified equations presented
in Ref. [391] can be used. However, in general, the truncation geometry, the optical
aberrations and the mutual alignment error will break this axial symmetry and there-
fore, the expressions above are required to obtain the received power statistics. By
normalizing the received power P by the average transmitted power Pt, the PDF of
the channel loss fP(h) can be obtained, where h = P/Pt.

6.2.5. Communication performance parameters
In this section, we present the parameters that characterize the performance of an
intersatellite optical communication system. We will be considering three main per-
formance parameters in this chapter: average bit error probability (ABEP), probability
of outage (Pout), and the reliability (L). It is relevant to mention that some papers
presented in the literature have mainly focused on the peak irradiance or Strehl ratios
of the far-field beam as an estimate of the performance parameter [116, 372, 393].
This, however, as it will be proven in the next section, is not enough to fully charac-
terize the performance of an intersatellite communication system when considering the
effects of pointing jitter. Furthermore, the widespread link budget approach only gives
partial information, and it is not able to capture the stochastic behaviour inherent to
the system. That is why in this chapter we develop an exact model to capture the
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stochastic nature of the problem at hand and obtain the probabilistic communication
performance parameters presented below. The stochastic behavior of the system is
captured by the received power probability density function.

Average bit error probability
From the normalized received power density function fP(h), the statistics of the bit

error probability can be obtained. Using the scalar-to-scalar conversion of variables
related by monotonic functions [392], the PDF of the bit error probability can be
obtained as

fB(Pe) =
∣∣∣∣ ddPeP−1

e

∣∣∣∣ · fP
(
P−1
e

)
, (6.14)

where the P−1
e (Pe) is the inverse function of the instantaneous conditioned bit error

probability. The latter can be computed for on-off keying intensity modulation direct
detection (OOK IM/DD) as [394]

Pe(h) = 1
2erfc

(
hPtR√

2σn

)
, (6.15)

where Pt is the transmitted power, R is the responsivity of the detector, and σ2
n =

N0R0/Rload is the signal-independent additive white-Gaussian thermal noise (depen-
dent on the bit rate R0). From the PDF of the bit error probability, the ABEP can
be computed as

ABEP = ⟨Pe⟩ =
∫ ∞

0
Pe(h) fP(h) dh =

∫ 1/2

0
Pe fB(Pe) dPe, (6.16)

where the first equality uses the channel loss PDF and the second uses the bit error
probability PDF for the calculation.

Reliability
The reliability is defined as the probability that the instantaneous bit error proba-

bility is smaller than a certain threshold that is considered reasonable by the designer
[395]. Mathematically, this parameter is computed through the PDF of the bit error
probability in Eq. (6.14) as

L(P th
e ) = Prob

{
Pe < P th

e

}
=
∫ P th

e

0
fB(Pe) dPe, (6.17)

where P th
e is the bit error probability threshold defined by the designer. This threshold

is established depending on how the error correction code of interest performs under
different levels of BEP. Usually, values on the range between P th

e ∈ (10−6, 10−9) are
considered [395].

When comparing the ABEP and reliability, ABEP represents the long-term ex-
pected value of the BEP under the time dynamics of pointing jitter. However, since
the probability distribution of the BEP is often highly skewed, ABEP can be mislead-
ing. In such cases, reliability offers a more practical and representative measure of
system performance.
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Probability of outage
An outage is an event in which the data rate is above the instantaneous capacity

of the channel [175]. This is equivalent to saying that there exists no error correction
code that can correct the instantaneous bit error probability of the channel. In this
case, the channel can not handle such a data rate and the communication between
the terminals fails. The outage event differs from the fade [396], in that during the
outage, there might be enough power to be detected by the detector, but the data
can not be successfully decoded (i.e., the bit error rate is too high to be handled by
the error correction code). In the same manner, the reliability can also be interpreted
as the probability of being above a certain power threshold that is provided by the
relation between the signal-to-noise ratio and the BEP of the modulation technique of
interest. In summary, both the reliability, the fade, and the outage are failures of the
same physical nature. However, while the first refers to real practical limitations of the
system, the third one is an information-theoretical limit that would be the ultimate
mode of failure of the system.

As shown by Farid et al. [175], the probability of outage can be computed for
a nonergodic slow-fading channel, OOK IM/DD modulation, and complete channel
state information on the receiver as

Pout(D0) = Prob [h < h0] with h0 =

√
C−1(D0)σ2

n

2P 2
t R

2 , (6.18)

where h is the normalized received power. D0 is the achievable rate in bits/channel
use, and represents the fraction of bits of information over all the bits sent through
the channel (including the ones needed for bit error correction). The expression for
the instantaneous capacity of the channel C is shown in the supplemental document
of Ref. [367].

6.3. Numerical simulation of an intersatellite optical link
In this section, an intersatellite free-space optical link is simulated with the model
presented above. First, the optimal transmitted beam is computed for minimiz-
ing/maximizing the average bit error probability, probability of outage, and reliability
(for each of the transmitter architectures presented in Fig. 6.3). Then, the performance
variation under optical aberrations is studied.

6.3.1. Transmitted beam optimization
To have a more realistic evaluation of how the optical aberrations affect the system,
the nominal non-aberrated transmitted beam is first computed. In this way, when
computing the effect of the optical aberrations on the performance of the system, the
wave physics propagation will compute the far-field irradiance due to both the trunca-
tion of the aperture and the aberrations. Previous studies have presented a Gaussian
beam divergence optimization to mitigate the effects of the transmitter pointing jitter
in the communication performance [118, 175]. Furthermore, not only the divergence,
but the shape of the far-field irradiance has also been found to be key to mitigating this
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effect, as will be shown in Part III. However, these works do not consider the limita-
tions posed by the finite-sized apertures of the transmitter telescope, which are critical
to determining the far-field irradiance of the beam, especially under aberrations.

The nominal non-aberrated transmitted beam is found by optimizing each per-
formance parameter –varying the Gaussian beam shape in the transmitter aperture
plane to reach the extremal value of the performance parameter. Considering the rest
of the parameters to be constant, the Gaussian beam at the aperture of the trans-
mitted telescope can be characterized by two parameters, e.g., the beamwidth wz
and the underlying beamwaist w0 (see Fig. 6.3(c)). In the supplemental document
of Ref. [367], the expression to obtain the Gaussian beam’s radius of curvature Rz in
the transmitter aperture plane from these two parameters is presented. Qualitatively,
the beamwidth wz is going to determine the amount of truncation that occurs to the
transmitted beam, while the beamwaist w0 will determine the divergence of the un-
truncated pure Gaussian beam. Both together will determine the far-field irradiance
field and therefore the performance of the system. In the supplemental document of
Ref. [367], the way to adjust for these parameters, (w0, wz), in an equivalent optical
system through ABCD matrices is presented.

Figure 6.5: Optimization of the transmitted beam for an intersatellite link given by the
parameters in Tab. 6.1 and the telescope architecture shown in Fig. 6.3(a). (a), (b),
and (c) are the optimizations for each of the performance parameters considered. (d)
and (e) show the transmitted beam divergence and the telescope transmission efficiency
due to the truncation, respectively. The cross and the triangle give the optimum for
L(P th

e = 10−3) and L(P th
e = 10−9) respectively. (f) are the far-field irradiances as a

function of the radial coordinate in the receiver aperture plane for the optimum points
found in (a)-(c), along with the irradiance field that maximizes the received power
average h, and the PDF fR(r) of the pointing jitter.
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Table 6.1: Parameters used for an intersatellite LEO-GEO free-space optical link.

Parameter Value Ref. Parameter Value Ref.
λ 1550 nm - b 6.75 cm [397]
Pt 10 W - a {0, 1.35} cm -
σn 4.7 × 10−9 V [389] Modulation OOK-NRZ [389]
σθ 5 µrad [398] Data rate 10 Gbps [389]
R 0.8153 A/W [154] ∆z 36000 km -

For an intersatellite LEO-GEO link given by the system parameters shown in
Tab. 6.1, nine optimizations are performed. Each of these optimizations corresponds
to one of the three telescope architectures presented in Fig. 6.3 above and for each of
the three performance parameters (ABEP, Pout and L(P th

e = 10−6)). Figs. 6.5(a)-(c)
show the optimization of the transmitted beam for these three performance parame-
ters in the case of an obscured architecture (Fig. 6.3(a)). Furthermore, the divergence
of the beam is shown in Fig. 6.5(d) for each point. The divergence is defined as the
full-width angle described by a circular contour containing the 86% of the total power
of the beam as it propagates (see App. A for the formal mathematical definition). This
definition is an extension of that of the pure Gaussian beam. Finally, the transmission
efficiency due to the truncation of the beam on the transmitted telescope is shown
in Fig. 6.5(e). It can be seen that the optimum for each of the parameters is given
by different far-field irradiance distributions, given by different beam parameters wz
and w0 of the transmitted beam. This is due to the fact that different far-field irra-
diance distributions will result in different received power statistics when combined
with the pointing jitter. Each of the parameters is maximized for different received
power statistics in the domain of achievable PDFs fP(h) given by the limitations of
the aperture size of the telescope and its architecture. In Fig. 6.5(f) the optimum far-
field irradiances for each of the performance parameters are presented along with the
pointing jitter PDF (due to the axially symmetrical nature of all the elements consid-
ered, the pointing jitter is also axially symmetric). In App. A, the optimization for the
two remaining architectures can be found, yielding similar qualitative results. Com-
pared to the results presented here for the obscured architecture, the clear aperture
case yields better values of the performance parameters, primarily due to the higher
power available after the truncation and obscuration of the beam. In the subaperture
case, the interplay between the achievable divergence and the power loss due to the
truncation also limits the performance of the system compared to the clear aperture
case.

From the analysis above, it can be seen that the optimum characteristics of the
Gaussian beam in the transmitter aperture plane are extremely dependent on the
performance parameter that is being optimized. For the minimization of the ABEP
and the probability of outage, it can be seen that more uniform distributions of the
far-field are interesting (see Fig. 6.5(f)). This is due to the underlying received power
statistics given by these types of far-field irradiances. For a spatially more uniform
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(compared to Gaussian) type of far-field irradiance distributions, the resulting received
power statistics are more condensed around a central received power. In the limit of
a perfectly uniform far-field irradiance, the received power statistics would be given
by a discrete probability distribution (see §11). In the case of outage probability,
this tendency is justified by the fact that the Eq. (6.18) sets a minimum received
power threshold above which any extra power is not beneficial for this performance
parameter. In the case of the ABEP, the results show that there is a trade-off between
the maximum achievable received power and the uniformity of the beam. This is in
agreement with the findings in Part III. Furthermore, the divergence value of 52.8 µrad
obtained for the minimum ABEP (circled marker in Fig. 6.5(d)), is in close agreement
with the 51.6 µrad that would be obtained using Eq. (12) in [118]. The discrepancy
between these two values is due to the non-Gaussian beam shape resulting from the
truncation of the beam considered in the present chapter.

For maximizing the reliability, the figure shows that a more Gaussian shape is
beneficial. This means that the underlying received power statistics for maximizing
this parameter are much more skewed than in the cases before. This effect is more
pronounced as the bit error probability threshold of the considered reliability decreases
(see App. A). However, attending to the Eqs. (6.18) and (6.17) it can be seen that the
reliability and the probability of outage are mathematically similar, in that they set a
power threshold above which the performance of the system is considered acceptable.
Then, the probability of being above (or below) this power threshold is maximized (or
minimized). Hence, given the similar mathematical expression for the computation of
these two parameters, we would expect a similar type of far-field irradiances in contrast
to what is shown in Fig. 6.5(f). The discrepancy between the far-field irradiances
for outage probability and reliability is due to the different power thresholds set by
each of these parameters. While reliability is a much more practical parameter, it
establishes a received power threshold way above the one set by the probability of
outage. The latter being a theoretical limit in which failure would occur due to
information-theoretical restrictions. Due to the power threshold of the reliability being
higher than that of the probability of outage, the physical limits imposed on the
Gaussian beam source are not able to uniformize the beam for the reliability power
threshold as it did for the probability of outage. Hence, the physical limitations
imposed (truncated Gaussian beam in the transmitter aperture plane) yield a more
Gaussian beam shape far-field irradiance for the reliability threshold compared to the
optimum beamshape for the probability of outage. This is in agreement with the
tendency shown for the P th

e = 10−3 and P th
e = 10−9 shown in App. A, showing that

the reliabilities and the probability of outage belong to the same family of parameters
(the one that set a power threshold and computes the cumulative density function of
it).

To emphasize the improvement provided by the optimization proposed, a compar-
ison with a baseline truncated Gaussian beam is now discussed. The baseline beam
considered is the one that maximizes the average received power h. The maximization
of h is in line with the maximization of the peak of the irradiance field at the receiver
aperture plane, which is the parameter considered in previous works [372, 393]. The
far-field irradiance of the baseline result can be seen in Fig. 6.5(f), for the obscured
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architecture. In Fig. A.4, the far-field irradiances and received power PDF of all the
architectures can be found. Table 6.2 summarizes the improvements in each parame-
ter achieved by the proposed optimization across different architectures, compared to
the baseline field obtained by maximizing the average received power h. The results
show that the optimized fields achieve performance gains of several orders of magni-
tude in terms of ABEP and Pout. Furthermore, it is also seen that a bigger relative
improvement is provided by the optimization in the clear and subaperture architec-
tures, compared to the obscured architecture. In summary, these results highlight the
relevance of optimizing the optical system attending to communication performance
parameters, instead of attending widely used optical imaging performance parameters
(e.g., peak irradiance, Strehl ratio).

Obscured Clear Subaperture
ABEPmax(h)/min(ABEP) 46.5 5.7 × 102 4.3 × 102

Pout,max(h)/min(Pout) 77.2 9.8 × 104 1.7 × 104

max(L10−6)/L10−6,max(h) 1.03 1.06 1.11

Table 6.2: Improvement provided by the optimization compared to the baseline field
performance, given by the field that maximizes the average received power h.

6.3.2. Seidel optical aberrations
To assess the effect of optical aberrations on intersatellite links, which will enable
setting requirements for admissible optical aberrations on intersatellite terminals, the
optimum outgoing beams computed in the previous section are perturbed with Seidel
aberrations. Using the full model presented in Fig. 6.2, the effect of these aberrations
is computed independently of each other. The results are shown in Fig. 6.6. Firstly,
several qualitative differences can be discerned between the subaperture architecture
(third row) and the rest. In the case of the former, as the symmetry of the transmitted
beam is broken with respect to the telescope’s optical axis, the coma aberrations that
are defined over the whole aperture of the telescope do not have the same effect. That
symmetry breaking, due to the non-axially symmetric transmit field, creates unequal
behaviors of the horizontal and vertical commas as seen in Fig. 6.6(g)-(i).

In general, for all the architectures, coma aberration seems to be the one that has
the highest negative impact on the performance of the system. This effect is expected
as coma is the only Seidel aberration creating an apparent angle of arrival. Hence,
coma aberration is the only one creating a systematic boresight pointing error of the
transmitted beam. The fields in the transmitter aperture plane, far-field receiver plane,
and the tracking sensor plane for the case of vertical coma aberration are shown in
Fig. 6.7. In this figure, we can see more clearly the differences between the clear and
subaperture architectures (Figs. 6.7(b) and (c), respectively). The Gaussian beam in
the clear aperture architecture is truncated symmetrically around its axis, while in the
subaperture case the truncation occurs in a non-symmetric way. We have considered
the same diameter for the aperture in both architectures, and hence, the effective
diameter achievable without clipping is smaller for the subaperture architecture. This
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is why in the subaperture architecture, the limitation of a smaller effective aperture
is mitigated by choosing a more collimated beam in the transmitter’s aperture for the
nominal case (compare the optimum ratios w0/wz in Fig. A.6 and A.7 in App. A).
Furthermore, while the apparent angle of arrival is the same in both cases for the
same optical aberration, the transmitted beam on the subaperture architecture is
only affected by a local section of the full optical aberration.

Figure 6.6: Effect of optical aberrations on the performance of a LEO-GEO inter-
satellite link. First, second, and third rows correspond to the obscured, clear, and
subaperture architectures, respectively.

Furthermore, the effect of defocus aberration is analogous to changing the radius
of curvature of the transmitted beam, and this in turn is equivalent to changing the
beamwaist w0 of the transmitted beam. As these parameters have been optimized as
shown in the previous section, defocus has the same effect as traveling in wz constant
lines in Fig. 6.5(a)-(c). As the outgoing beam is optimized before any aberrations
are applied, the effect of further defocus is to degrade the respective performance
parameter as shown in Fig. 6.6. Finally, it is relevant to mention that the effect of
a slight spherical aberration can be beneficial in some cases, as is shown for all the
parameters in the obscured and clear aperture cases (rows one and two in Fig. 6.6).
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This is in agreement with the findings that will be shown in Part III, in which a
redistribution of the far-field irradiance, reducing the peak irradiance and transferring
it towards the outside of the beam, can be beneficial for mitigating the pointing jitter
(as will be seen in Part III). This is indeed the effect of spherical aberration [391].

Although the results presented for each of the aberrations applied independently
provide insight into the physics behind this perturbation, in reality, the optical aberra-
tions that will appear on telescopes due to thermo-mechanical loads are a combination
of all these aberrations [372]. In order to evaluate the admissible values for the root
mean square of the optical aberrations statistically, Monte Carlo simulations for com-
binations of all the Seidel aberrations have been considered in a similar manner as
done by Kenny et al. for the LISA gravitational interferometry mission [399]. The
results of these Monte Carlo simulations are shown in Fig. 6.8. These simulations
are performed by randomly allocating to each aberration a wavefront error root mean
square magnitude coming from a uniform distribution, in accordance with the experi-
mental results presented in [372]. It can be seen that the least sensitive architecture of
all is the subaperture architecture, in which both the percentiles and the mean remain
the most unaffected by the increasing magnitude of the optical aberrations. This is
due to the fact that the Zernike polynomials are defined over the whole aperture of
the transmitter telescope, while the transmitted beam in the subaperture architecture
only uses a small section of this aperture. Hence, the Seidel aberrations on the whole
aperture basis are seen as similar to a combination of tip-tilt and astigmatism in the
transmitted Gaussian beam basis. The results presented enable us to discern the ef-
fect of optical aberrations in the apparent angle of arrival and the far-field irradiance.
Using the reliability L for the sake of the explanation, the apparent angle of arrival
is the same in both the obscured and subaperture architectures. However, the effect
of the optical aberrations is much more pronounced in the obscured case as seen in
Fig. 6.8(c). This means that the alterations of the far-field irradiance generated by the
optical aberrations have a determining role in the performance of the system. This
effect can also be seen by comparing the clear and subaperture architectures in the
same figure. We can see in Fig. A.3 of the App. A, that the difference in the ap-
parent angle of arrival for the clear and subaperture cases is very similar. Therefore,
the much higher sensitivity of the clear aperture architecture to the performance pa-
rameters shown in Fig. 6.8 can only be due to the effect of the Seidel aberrations on
the transmitted beam. As for the obscured case, the transmitted beam in the clear
aperture case is also subjected to full aberrations (see Fig. 6.6(a)-(b)). In contrast,
the transmitted beam on the subaperture architecture is only affected by a localized
section of the full aberrations (see Fig. 6.6(c)). By using simulations as the ones shown
in Fig 6.8, the requirements for acceptable wavefront errors can be determined for op-
tical terminals working as transmitters. However, when the terminal is also working
as a receiver, the effects of optical aberrations in the received beam when coupling it
to the detector also need to be considered.

For the sake of better understanding how the results presented in Fig. 6.8 can
be used, an evaluation of the performance of the system is done under Maréchal’s
criterion. Maréchal’s criterion is determined by assuring that the peak irradiance of
the diffraction pattern of a uniform circular aperture under aberrations is reduced
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Figure 6.7: Fields in the case of vertical coma aberration with WFErms = 0.15 λ
for (a) obscured, (b) clear, and (c) subaperture architectures, respectively. The small
figures on the left show the transmitter aperture phase and irradiance. The big figure
shows the far-field irradiance in the receiver aperture planes along with a red circle
enclosing the area of < 1σ of the pointing jitter (the center of which is the computed
static boresight error due to the apparent angle of arrival). The receiver is located
at the origin in the receiver aperture plane. The snippet shows the tracking sensor
irradiance field.

by less than 20%. This in turn yields a maximum allowable aberration given by
WFErms ≤ λ/14 [400]. This criterion is in principle, only useful for imaging optical
systems, as it does not account for truncated Gaussian beams, stochastic pointing
jitter, and captured power statistics. However, we can now evaluate the adequacy of
Maréchal’s criteria for an intersatellite optical communication system. By considering
the effect that optical aberrations have on the reliability shown in Fig. 6.8, we can
see that the average of the reliability in the clear architecture goes from 98.4% in the
non-aberrated case to 72.4% in the limiting Maréchal condition. The latter architec-
ture is the one that is most affected as the obscured and subaperture architectures go
from 90.4% and 97.3% to 77.8% and 95.3%, respectively. By extending this analysis to
the performance parameter of interest, we can assess the implications of imposing the
classical diffraction-limited condition (Maréchal’s criterion), commonly used in imag-
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ing optics, on the design of optical communication terminals. All things considered,
in order to evaluate the effect of optical aberrations on intersatellite optical links, it is
paramount to use a complete end-to-end model that considers altogether these coupled
phenomena.

Figure 6.8: Effect of optical aberrations in the performance of a LEO-GEO inter-
satellite link given by Monte Carlo simulations of the Seidel aberrations. The circle
markers show the Monte Carlo simulations, while the mean is given by a solid fitted
curve and the 25% and 75% percentiles are bounding the filled areas.

6.4. Conclusions and further work
We have presented in this chapter a complete framework that models the coupled
effects of the transmitter pointing jitter and optical aberrations on intersatellite free-
space optical communications. The presented model enables the evaluation of the
effect of these perturbations on the communication performance of the system, i.e.,
average bit error probability, probability of outage, and reliability. Three different
architectures have been analyzed, namely the obscured, clear, and subaperture archi-
tectures. Firstly, an optimization of the transmitted Gaussian beam considering the
transmitter pointing jitter and the finite aperture effects (without optical aberrations)
has been performed. This optimization shows that the optimum far-field irradiances
depend on the communication parameter chosen as the target. Indeed, non-Gaussian
beams generated by using the aperture truncation effects of the transmitter telescope
are beneficial in some of these optimizations. Finally, the full framework developed has
been used to evaluate the effect of the optical aberrations by perturbing the previously
obtained optimal beams with different Seidel aberrations. It has been found that the
effect of coma is extremely detrimental as a result of the apparent angle of arrival
created. Finally, given that in practical scenarios these aberrations will appear alto-
gether, Monte Carlo simulations of combinations of Seidel aberrations are presented
to statistically determine the impact of optical aberrations on system performance.
The latter will help determine the requirements for admissible optical aberrations in
intersatellite free-space optical communication terminals.

Further investigation into the coupled effects of optical aberrations and receiver
angle-of-arrival at the receiving terminal is recommended as a future research direc-
tion. In addition, the results presented here could be extended to other applications,
such as space-to-Earth downlinks –accounting for atmospheric effects and alternative
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modulation schemes– as well as quantum communications. In this context, the im-
pact of Gaussian beam truncation on quantum communication links will be specifically
examined in §8.





Chapter 7

Satellite-assisted entanglement
distribution

Modelling single-photon sources, atomic memories, pointing
jitter, and free-space losses

One must always do what one really cannot.

Niels Bohr

Similarly to satellite classical optical communication channels, satellite quantum com-
munication channels are also affected by imperfections of the system. Building upon the
phenomena discussed in §4, this chapter quantifies the impact of several key imperfec-
tions within a quantum communication system. We propose a satellite-based quantum
repeater architecture for distributing entanglement through large distances. In this sce-
nario, we analyze the effects of imperfections in trapped atomic qubits –which serve
both as single-photon sources and as quantum memories– and the influence of pointing
jitter in the optical links. The model developed allows us to estimate that high-rate and
high-fidelity entanglement distribution can be achieved over inter-continental distances.
Specifically, our results indicate that entanglement distribution at rates on the order
of 100 Hz and over thousands of kilometres is feasible, while requiring orders of mag-
nitude fewer memory modes than conventional architectures relying on probabilistic
optical Bell-state measurements.

The content of this chapter is based on the Ref. [401] Dominguez, V., Badás M. et al. "Satellite-
assisted quantum communication with single-photon sources and atomic memories". Physical Review
Research 8, 013099 (2026). The author of the thesis contributed to developing the mathematical
model for evaluating the performance of the system.
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7.1. Introduction
The implementation of a quantum internet opens a range of new opportunities for
secure communication [28, 30, 402], enhanced sensing networks [357–359], and dis-
tributed quantum computing [403]. To exploit these opportunities in applications
such as protecting and optimizing large-scale power distribution networks [404] or
probing fundamental constants and geodesy [405], it is necessary to extend the range
of quantum networks to distances of thousands of kilometres.

To carry out quantum communication over large distances, photons seem like the
best choice due to their low interaction with the environment compared to other par-
ticles §4. However, transmission loss of an optical quantum signal cannot be compen-
sated with standard classical amplification techniques due to the quantum no-cloning
theorem [406]. Instead, quantum repeaters have been proposed, where the total dis-
tance is divided into smaller segments over which direct transmission is feasible [239,
286–288, 290]. The segments are then combined either through quantum teleporta-
tion [291, 407] or quantum error correction [408, 409] at the repeater nodes to enable
faithful transmission over the total distance.

For optical fiber-based quantum repeaters, the photon transmission probability
between the repeater nodes decreases exponentially with distance, and hundreds of
repeater nodes are required to cover distances at the continental scale. Alternatively,
fiber-based connections can be replaced with satellite-assisted free-space optical links
where transmission decreases only polynomially with the distance [234, 258, 286–
289, 297]. For continental scales, this can reduce the required number of repeater
nodes significantly, compensating for the arguably higher cost of space-based quantum
repeater nodes.

Among the different applications of quantum communication, quantum key dis-
tribution (QKD) has already been demonstrated with the Micius and Jinan satellites
performing as a trusted node for distances ranging from 500 to 7000 km [246, 308,
310]. However, assuming that the satellite is a trusted node poses a security concern
(see §4.2.2). In a more advanced approach, entanglement-based QKD was achieved
without relying on a trusted node, spanning distances of up to 1,200 km [410]. In
this case, the satellite served as a source of entangled photon pairs, paving the way
for future entanglement-based quantum networks. Reaching larger distances by di-
rect transmission, however, requires a high-orbit satellite due to the limitation of the
line of sight of the ground receivers. This substantially increases the transmission
loss, making high-rate quantum communication extremely challenging. Alternatively,
multiple low-orbit satellites can operate in a quantum repeater architecture to effi-
ciently compensate for the transmission loss and ensure line of sight between distant
locations [239, 287–289].

Previous theoretical work on satellite-based quantum repeaters assumes the use
of probabilistic optical Bell state measurements (BSM) [287], which requires multi-
plexing of thousands of memory modes in order to reach high-rate communication
over global distances. Additionally, the availability of on-demand entangled photon
pair sources is often assumed [286, 287, 289, 297], which remains an outstanding tech-
nological challenge [314]. Promising candidate systems are solid-state semiconductor
quantum dots [411], which require cryogenic temperatures to function, or multiplexing
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of spontaneous parametric down-conversion (SPDC) sources [412] and single-photon
sources [413].

This chapter proposes a satellite-assisted quantum repeater protocol based on
trapped individual atomic qubits. Individually trapped alkali atoms can both func-
tion as efficient single-photon sources [414] and atomic memories due to their long
coherence times [415, 416]. Furthermore, they enable nearly deterministic Bell state
measurements through Rydberg-mediated two-atom gates [417–419] and the possi-
bility of scaling to hundreds of qubits per repeater node [420, 421]. Additionally,
laser-cooling of the atoms is sufficient to ensure long coherence times, which avoids
the need for costly cryogenic technology in space.

A detailed analytical model of the repeater protocol is developed, which considers
the main imperfections of both the quantum hardware and the optical link budget.
In contrast to Monte-Carlo-based simulations [289], the analytical model allows us to
efficiently simulate long chains of quantum repeater nodes. We show that, for realistic
satellite parameters and quantum hardware errors, we can get high-fidelity (≥ 0.9)
entanglement distribution rates of 100 Hz over continental distances of up to 1500 km
using 5 satellites with less than 200 quantum memory modes per satellite.

7.2. Architecture
We consider the simulation of a down-link scenario where photons are sent from the
end-satellites to the ground stations, which is more robust to atmospheric turbulence
than the reverse up-link scenario [288, 422]. A high-level sketch of a 3-node repeater
is shown in Fig. 7.2(a). The quantum repeater consists of different types of satellites.
Some satellites act as transmitters, sending photons to their neighbouring satellites
or to the ground station. Others are receivers that collect the photons sent by the
transmitter satellites. Both types of satellites are equipped with atomic quantum
memories and act as quantum repeater nodes, as shown in Fig. 7.2(b). When adding
more satellites, an odd number of satellites is always ensured to maintain the structure
of the receiver and transmitter satellites.

To distribute entanglement between the ground stations, atom-photon entangle-
ment is generated at the repeater stations through pulsed excitation of the atoms (see
Fig. 7.1). The generated photons are sent from the transmitter nodes to the receiver
ones, where the atom-photon entanglement is swapped to atom-atom entanglement by
means of a probabilistic photonic BSM as in Fig. 7.2(b). Once entanglement between
two neighbouring elementary links has been successfully heralded, a nearly determinis-
tic entanglement swap operation is performed through Rydberg-mediated atom-atom
interactions. If the entanglement generation is successful in all elementary links, the
two ground states will share an entangled pair.

7.2.1. Entanglement generation

For the generation of atom-atom entanglement over each elementary link, we consider a
‘two-click’ protocol [423], where each atom is entangled with a time-bin encoded single-
photon through pulsed excitation. This is then swapped to atom-atom entanglement
by a probabilistic photonic BSM as shown in Fig. 7.2(b). We focus on this scheme
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Figure 7.1: Overview of the proposed architecture and steps. Only three satellites. i.e.,
two elementary links, are illustrated. γ refers to the photons, and the infinite loops
represent entanglement.

since it only requires phase stability on the time-scale of the time-bin separation and
does not have the fundamental trade-off between rate and fidelity of ‘single-click’
protocols [424]. Furthermore, we consider a scenario where the entanglement swapping
(from atom-photon to atom-atom entanglement) happens at a heralding station placed
on the receiving satellite. The loss will thus only affect one of the photons, the other
being generated in the heralding station.

We now describe the steps of the entanglement generation in more detail. Fig. 7.3(a)
shows how individual atoms are trapped with optical tweezers inside macroscopic,
near-concentric optical cavities [420, 421, 425]. Throughout this chapter, we will fo-
cus on an implementation with Rubidium (Rb) atoms, though other Alkali atoms
such as Cesium could also be used. The closed optical transition between the 5S1/2,
|F = 2,mF = 2⟩ hyperfine ground state and the 5P3/2, |F′ = 3,mF′ = 3⟩ excited state
in 87Rb is used for atom-photon entanglement generation. Here, F denotes the total
atomic angular momentum, while mF is the magnetic quantum number. This specific
transition enables the generation of atom–photon entanglement, whereby the internal
spin state of the atom becomes entangled with the temporal mode of the emitted pho-
ton following pulsed optical excitation. For simplicity, we first describe this process
for a single atom and then discuss how to perform the operation for a collection of
atoms. First, the atom is prepared in a superposition of the spin states,

|ϕ⟩ = 1√
2

(|0⟩ + |1⟩) .
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Figure 7.2: Schematic diagram of the proposed scheme. (a) We consider a downlink
scenario where the photons are transmitted from the end-satellites to the ground sta-
tions. Each of the satellites contains quantum memories, and entanglement swaps
are performed on the satellites to link the segments of the repeater (satellite-satellite
or satellite-ground stations) once entanglement has been established. (b) Probabilistic
photonic BSM after entanglement generation. The atom-photon entanglement gener-
ated through the emission of a photon from an atom is swapped to atom-atom entan-
glement within a receiver satellite by means of a linear optics Bell state measurement.
This is done using a 50/50 beam splitter (BS) and single-photon detectors (SPD). As
shown in the figure, transmitter telescopes typically need more memory modes than the
receiver telescope because we are operating in a low transmission probability regime.

by means of standard optical pumping and two-photon Raman driving [415, 426]. We
imagine that |0⟩ = |F = 1,mF = 1⟩ and |1⟩ = |F = 2,mF = 2⟩ in the 52S1/2 ground
state manifold. Next, a short optical π-pulse1 is applied to induce the transition,
|1⟩ → |ex⟩, where |ex⟩ = |F′ = 3,m′

F = 3⟩ in the excited 52P3/2 manifold. This
π-pulse is a precisely timed laser pulse that fully transfers the atomic population from
the ground state |1⟩ to the excited state |ex⟩. The excited state will subsequently
decay back to |1⟩ by emission of an early cavity photon, |e⟩. Next, two-photon Raman
driving is used to coherently swap the populations of the ground states, |0⟩ ↔ |1⟩; this
process uses two lasers detuned from the excited state to induce a direct, controllable
transition between the ground states without populating the excited state. After this,
a second optical π-pulse is applied, resulting in the emission of a late photon, |l⟩, if the
atom is in the |1⟩ state. Ideally, this procedure results in the spin-photon entangled
state

|ψsp⟩ = 1√
2

(|0⟩|e⟩ + |1⟩|l⟩) . (7.1)

When performing this operation on a string of atoms, it is important to prevent
the emission from one atom from interfering with another. To this end, we propose to
operate in a sequential manner where all atoms are initially prepared in the state (|0⟩+
1A π-pulse is a laser pulse whose time-integrated coupling strength (pulse area) equals π, meaning it
drives a complete coherent transition between two quantum states (well-defined phase relationship
between the quantum states). Physically, this is achieved by carefully controlling the pulse’s intensity
and duration.
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|1⟩)/
√

2 and then addressed sequentially with the optical π-pulse for the generation of
atom-photon entanglement. An additional laser at 1530 nm addressing the transition
between the 52P3/2 and 42D3/2 excited manifolds is applied to all atoms except the
one subject to the optical π-pulse. Specifically, this laser will couple the excited |ex⟩
to the |ex′⟩ = |F′′ = 3,mF′′ = 3⟩ hyperfine level of the 42D3/2 manifold. This is done
to effectively shift the |1⟩ ↔ |ex⟩ transition out of resonance for the other atoms since
the excited dressed states will be detuned from the cavity resonance by ±ℏΩ, where
Ω is the Rabi frequency2 of the laser-driven |ex⟩ ↔ |ex′⟩ transition [427]. Having
Ω ≫ g

√
N , where N is the number of atoms in the cavity, g is the single-photon Rabi

frequency of the cavity-coupled |1⟩ ↔ |ex⟩ transition, ensures that there is effectively
no coupling of the atoms to the cavity field. In this way, atom-photon entanglement
can be attempted with each atom sequentially as described above.

The photons collected from the cavity are transmitted to either one of the ground
stations or another satellite, depending on the specific location of the satellite in
the repeater chain. In both cases, a probabilistic photonic BSM is performed at the
destination (receiver) to herald atom-atom entanglement, as shown in Fig. 7.2(b). The
latter is carried out with a 50/50 beam splitter and single-photon detectors following
the scheme of Ref. [423]. If the BSM is successful, meaning we have measured an
early and a late photon, we have accomplished entanglement in an elementary link,
i.e., satellite-satellite or satellite-ground entanglement.

|ψsp⟩ ⊗ |ψsp⟩ BSM−−−→ |ψ⟩ = 1√
2

(|01⟩ ± |10⟩) . (7.2)

The phase of the superposition is determined by which detectors on the BSM record
the photons. Since this information is known, it is possible to change the phase with
local qubit operations, if necessary.

7.2.2. Entanglement swapping
Following the successful atom-atom entanglement generation of neighbouring links in
the setup, we carry out an entanglement swapping between the entangled atoms of
the different links. Previous satellite-based quantum repeater schemes have considered
probabilistic photonic BSM similar to the entanglement generation step [286–288] to
achieve this. However, the downside of performing a probabilistic photonic BSM is
that it has an intrinsic failure probability of 50%, which has a detrimental effect on
the overall rate of the repeater. To circumvent this, we consider nearly-deterministic
BSM between pair of atoms through the Rydberg interaction, which relies on the
strong dipole–dipole forces between atoms excited to Rydberg states (high-energy
level states), allowing for fast and high-fidelity entangling operations. To do so, the
atoms are spatially rearranged. This can be performed on a timescale of millisec-
onds [415, 420], which is on the order of the communication time between segments
for the parameters considered below. This is different from the situation in the entan-
glement generation step, where the typical time scale of the local operations is on the

2The Rabi frequency Ω, quantifies the rate of coherent oscillations between two quantum states under
a resonant driving field.
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microsecond scale for typical experimental parameters [420, 421] and thus negligible
compared to the communication time.

The nearly deterministic BSM is implemented through a controlled-Z (CZ) gate
by means of the dipole-dipole interactions of Rydberg states in the atomic memories
[417, 428, 429]. CZ is a two-qubit gate that applies a phase flip to the |11⟩ state while
leaving the other basis states unchanged. Since the originally proposed Rydberg-
mediated schemes in Ref. [428], there have been a number of further developments
to increase the performance of Rydberg-mediated two-atom gates [417, 429], leading
to experimentally reported gate fidelities exceeding 99% [419]. To illustrate the basic
idea of how the Rydberg interaction allows for a two-atom controlled phase gate, we
focus, however, on one of the original schemes of Ref. [428] illustrated in Fig. 7.3(b) for
simplicity. First, a π pulse is applied to the control atom, which makes the transition
|1⟩ → |r⟩, where |r⟩ is a Rydberg state with a high principal quantum number (n ≈ 60).
Then, a 2π-pulse is applied to the target atom. If the control atom is in state |0⟩,
this pulse will make the transition |1⟩ → |r⟩ → −|1⟩ on the target atom. However,
if the control atom is in the Rydberg state, the Rydberg interaction will shift the
transition out of resonance such that the target atoms remain essentially unperturbed
by the pulse. A final π-pulse brings the population of the control atom back to |1⟩
and concludes the gate. This operation amounts ideally to a controlled phase gate
between the atoms, which is sufficient to perform a Bell state measurement.

To realise the nearly deterministic Bell measurement, it is necessary to apply a
Hadamard gate on the target atom before the CZ gate and a Hadamard gate on the
control atom after the gate, which can be done with two-photon Raman driving [415,
426]. The Hadamard gate is a single-qubit operation that maps |0⟩ → (|0⟩ + |1⟩)/

√
2

and |1⟩ → (|0⟩ − |1⟩)/
√

2, effectively creating or undoing superpositions necessary for
Bell-state measurements. The qubit states are then measured by first driving the
closed |1⟩ ↔ |ex⟩ transition and collecting the transmitted light, which detects if the
atom is in the |1⟩ state. If no light is detected, the atom is either in the |0⟩ state or it
could have been lost from the trap. The latter can result from the rearrangement step,
the two-atom gate, or simply from imperfect vacuum. To herald whether the atom
was lost, a Raman drive is applied to bring the population from |0⟩ to |1⟩ followed
by a second detection. If light is collected, the atom is in the |0⟩ state, while if no
light is collected, the atom is assumed lost. We note that this means that the Bell
measurement is, in fact not deterministic since there is a non-zero probability that the
atom was lost, in which case the operation fails.

7.3. Model

To evaluate the performance of the repeater protocol, we model a number of imperfec-
tions at both the quantum hardware level as well as in the optical transmission budget.
Below, we describe the imperfections in the spin-photon entanglement generation, the
losses due to the free-space transmission, the losses in the probabilistic photonic BSM,
quantum memories, and entanglement swapping operation. A summary of the differ-
ent imperfections considered is shown in Fig. 7.4.
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Figure 7.3: Individually trapped atoms in a cavity as the main hardware. (a) The
quantum memories chosen are Rubidium (Rb) atoms in a cavity, which also work as
transmitters. With a laser resonant with the |1⟩ → |ex⟩ transition, the atom is excited
to the |ex⟩ state from which it will decay back to the |1⟩ state with the emission of
a photon. To selectively address only one atom in an entangling attempt, the other
atoms are shifted out of resonance through strong driving of the |ex⟩ → |ex′⟩ transi-
tion. (b) Nearly deterministic BSM. After the elementary links are entangled, a nearly
deterministic Bell state measurement is carried out to distribute entanglement between
Alice and Bob. The latter is performed by applying a CNOT gate between the atoms
and a Hadamard gate in the control atom. To perform the 2-qubit gate, we exploit the
well-known Rydberg blockade: The |1⟩ → |r⟩ transition of the target atom is resonant
with our driving field if (1) the control atom is in state |0⟩ but (2) shifted out of reso-
nance by the Rydberg interaction if the control atom is in state |r⟩.

7.3.1. Spin-photon entanglement
In the generation of spin-photon entanglement, we consider undesired two-photon
emissions and imperfect coupling to the cavity mode. Two-photon emissions and
imperfect coupling to the cavity mode are captured by considering the following state

ρemit = αe|ψsp⟩⟨ψsp| + βe|ψmulti⟩⟨ψmulti| + ηeρdeph1 + γeρdeph2, (7.3)

where |ψsp⟩ is the desired state given in Eq. 7.1, obtained with probability αe. The
state |ψmulti⟩ = 1√

2 (|0⟩|2e⟩ + |1⟩|2l⟩) represents undesirable two-photon emissions
where both photons are collected, which we obtain with probability βe. We neglect
any coherence between the state |ψsp⟩ and |ψmulti⟩ for simplicity since it will have a
negligible effect in the later parts of the protocol, as detailed below. The dephased
states ρdeph,1 and ρdeph,2, represent the loss of one (or multiple) photon(s) to the en-
vironment (e.g., through emission into non-collected modes), which leaks information
about the spin state. Specifically, we define ρdeph,1 = (|0⟩⟨0| ⊗ |e⟩⟨e| + |1⟩⟨1| ⊗ |l⟩⟨l|)/2
and ρdeph,2 = [(|0⟩⟨0|+ |1⟩⟨1|)⊗|0ph⟩⟨0ph|]/2 –where |0ph⟩ is the vacuum photon state.
The probability of getting a dephased state with a photon in the collected mode is
thus ηe, while the probability of having a dephased state with zero photons collected is
γe. The estimation of the probabilities as a function of the cavity collection efficiency
and the probabilities of emitting different photon states can be found in App. B.1.
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Figure 7.4: Errors considered in the protocol. (a) Schematic representation of the
transmission losses. In the satellite-satellite link, we take into account transmission
losses due to the propagation of the Gaussian beam and the pointing jitter of the emit-
ter. In the satellite-ground station link, we also consider the effect of the atmosphere,
i.e., the Rayleigh scattering due to molecules. Additionally, losses originating in the
terminals are also added to the model. (b) Schematic representation of the quantum
setup used and possible errors that can happen. Two-photon emissions and imperfect
coupling to the cavity mode are taken into account when modelling the atom-photon
entanglement generation. Dark counts, detector efficiency, and coupling to the fiber
are included as imperfections in the Bell state measurements carried out in the re-
ceivers. Non-perfect visibility of the photons involved in the Bell state measurement
is also included. Finally, we include dephasing of the atoms and imperfections of the
entanglement swapping operation.

7.3.2. Free-space transmission
The free-space and atmospheric loss is modelled as a fictitious beam splitter with trans-
mission pT determined from the optical link budget. Using the beam splitter model,
the effect of the free-space transmission on a single-photon state can be described as

â†
ph|0ph⟩|0e⟩ → √

pTâ
†
ph|0ph⟩|0e⟩ +

√
1 − pTâ

†
e|0ph⟩|0e⟩, (7.4)

where subscript ′e′ denotes the loss mode. So, for example, for the state |ψsp⟩ we will
have that either the state is transmitted with probability pT, or that the photon is lost
with probability 1−pT and the atom is left in a dephased state ρdeph,2. Building upon
the state given in Eq. (7.3), the state reaching the receiver after free-space transmission
can be written as

ρtrans = αT|ψsp⟩⟨ψsp| + βT|ψmulti⟩⟨ψmulti| + ηTρdeph,1 + γTρdeph,2, (7.5)

where the probabilities αT, βT, γT and ηT are given by a combination of the probabili-
ties considered for the spin-photon entanglement and the free-space transmission losses
(see App. B). To compute the photon transmission probability pT, we consider the
photon states to be given by the fundamental Gaussian spatial mode. This mode is the
fundamental solution to the free-space paraxial wave equation (see §2.1.2). Further-
more, this is the mode transmitted through single-mode fibers, which are sometimes
used to guide light from the source to the optical terminal. Experimental campaigns
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strongly agree with this Gaussian shape for describing single-photon states, even after
atmospheric propagation in a downlink [307]. To model the free-space transmission
losses, the effect of the transmitter pointing jitter is also considered. The latter is
assumed to be described by a radially varying Rayleigh probability distribution func-
tion. Furthermore, in satellite-to-ground links, we include the atmospheric effects of
Rayleigh scattering and beam widening due to turbulence (although the latter are
sometimes negligible, see App. B). Finally, internal losses in the terminals, due to
non-ideal operation of the optical elements (i.e., absorption in lenses and mirrors) are
included.

In a link between two terminals, the beam describing the photon states diverges,
creating a far-field intensity pattern in the aperture plane of the receiver. In the single-
photon regime, the probability density function of finding the photon on the xy-plane
of the receiver (see §2.1.2 and §5.5 for a detailed explanation of this), considering a
given link distance z and a fundamental Gaussian beam profile, is

pg(x, y) = 2
πw(z)2 exp

(
−2
(
x2 + y2)
w(z)2

)
, (7.6)

where w(z) is the beam width given by Eq. (6.1). The transmitter pointing jitter will
displace the center of the Gaussian beam from the center of the receiver optical axis.
For a given pointing error (x0, y0), the probability of capturing the photon is given by
the convolution

p(x0, y0) =
∫∫ ∞

−∞
pg(x, y) A(x− x0, y − y0) dxdy, (7.7)

where A(x, y) is the pupil aperture function of the receiver given by

A(x, y) =
{

1 x2 + y2 ≤ r2
R

0 else
, (7.8)

with rR being the radius of the receiver and (x0, y0) being the displacement of the
optical axis of the receiver with respect to the optical axis of the beam. As discussed
in §6, the transmitter pointing jitter is usually characterized by a Gaussian probability
density function for x0 and y0 of the form [151]

fPJ(x0, y0) = 1
2πσ2

xy(z) exp
(

−x2
0 + y2

0
2σ2

xy(z)

)
, (7.9)

where σxy(z) is the standard deviation of the displacement. The displacement of the
beam in the xy plane is determined by the transmitter angular pointing error, θ.
Under the small angle approximation, and considering that both the azimuthal and
elevation angular errors are statistically equal, the standard deviation is σxy(z) ≈ σθz,
where σθ is the standard deviation of the angular transmitter pointing error.

For the rate analysis, it is assumed that the probability of receiving k out of
Nmem photons in an elementary link follows a binomial distribution (see §7.3.6), using
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the averaged probability p̄ =
∫∫

p(x0, y0)fXY (x0, y0) dx0dy0. This approximation is
valid in the regime where we are dominated by beam divergence rather than pointing
jitter, i.e., when w(z) ≫ σxy. For long distances, z ≫ 1, hence w(z) ≈ w0z/zR, where
zR = πw2

0/λ is the Rayleigh distance. Since σxy(z) ≈ σθz, it follows that by choosing a
small enough beamwaist, w0, the condition w(z) ≫ σxy is ensured. In our simulations,
we have assumed a pointing jitter of σθ = 0.47µrad in the transmitter, consistent with
the Micius satellite [410], and light emitted from the Rb atoms has a wavelength of
λ = 780 nm. A beamwaist of w0 = λ/(10πσθ) = 0.054 m is chosen, which ensures that
w(z)/σxy = 10 in the simulations. We note that since the value of w0 is much smaller
than the smallest transmitter’s radius rT = 0.15 m considered for the Micius-like
satellite, the effect of clipping in the transmitter’s telescope is negligible.

To check the validity of the binomial approximation for w(z)/σxy = 10, we compare
the true average probability distribution of a link

Pr(k;Nmem) =
∫

Pr(k;Nmem, p(x0, y0))fPJ(x0, y0)dx0dy0, (7.10)

with a binomial distribution Pr(k;Nmem, p̄). The two distributions in the limiting cases
(shortest and largest elementary link distance considered) are plotted for specific values
in Figs. 7.5. The difference in mean and standard deviation is shown in Figs. 7.6. The
error in the mean is negligible (< 10−10) and the standard deviation error is between
2% and 14% of the mean. The skewness for both distributions was found to be ≲ 0.4
and thus non-significant.

Figure 7.5: Histograms corresponding to the number of photons captured (σθ = 0.47
µrad, rT = 0.5 m, rR = 0.5 m and Nmem = 200). In black is the histogram obtained
through Monte Carlo simulations, and in red is the approximate binomial distribution
(with the same average k), for (a) z = 500 km and (b) z = 3000 km.

7.3.3. Probabilistic optical Bell state measurement
After the entangled photon is sent from the transmitter to the receiver, a probabilistic
photonic BSM is performed to obtain atom-atom entanglement across the elementary
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Figure 7.6: Values for mean k and standard deviation σk of the distributions of the
number of photons captured for different distances between intersatellite elementary
links for the (a) Micius satellite and (b) upgraded satellite. The numbers below the
mean value are the number of memory modes considered for each point. Values are
for elementary link distances and the number of memory modes obtained from the
R = 10 Hz in Fig. 7.7(a). Note that the error in the mean is negligible, resulting in
overlapping curves for the binomial and exact distribution.

links. The BSM is performed with a 50/50 beam splitter, and we assume that photonic
interference only occurs for the case where the two input states are of the form |ψ⟩,
i.e., that there is no photonic interference for the error terms in Eq. (7.5). The photons
interfering may not be perfectly indistinguishable, which is accounted for by including
a non-unity visibility. Physically, the visibility quantifies the degree of indistinguisha-
bility between the photons, with reduced visibility indicating partial distinguishability
–and thus reduced interference– arising from effects such as timing jitter, spectral mis-
match, polarization misalignment, and imperfect spatial mode overlap. The efficiency
of the detector and the coupling losses from free-space to fiber are also included in the
link budget. Moreover, dark counts can generate a "click" in the detectors, despite no
photon being transmitted, which we include with a non-zero dark count probability.

In the case of input state |ψ⟩⊗|ψ⟩, the output state of the beam splitter is given by
the superposition of states resulting from the different combinations of the input states.
Post-selecting on detecting an early and a late photon, we will project the atoms into an
entangled state of the form |ψ⟩ = 1√

2 (|01⟩ ± |10⟩). In App. B, the explicit expression
of this state is shown, in which the probability of successful projection is one-half in
the ideal case. We assume that the rest of the possible combinations between input
states do not result in photonic interference as explained above. As shown in App. B,
input states |ψmulti⟩⊗|ψmulti⟩ in the beam splitter will result in a projection into states
|01⟩ or |10⟩ by heralding on an early and late detection, with probability one half.

So far, we have neglected the effect of dark counts in the detectors. The probability
of this happening is pdark, i.e., a detector will click when receiving vacuum input
with probability pdark. In principle, dark counts could affect the outcome of the Bell
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measurements when the incident fields contain the desired number of photons, as
considered above. However, since pdark ≪ 1 for realistic detectors and the probability
of receiving two photons is also very small, we can neglect higher-order terms such
as the cases where we receive two photons and have a dark count. However, we
do need to include the effect of dark counts for terms with only one or no photons
arriving at the receiver station –the combinations {|ψ⟩⟨ψ|, ρdeph,2}, {ρdeph,1, ρdeph,2},
and {ρdeph,2, ρdeph,2}. For the first two combinations, the probability of a false success
due to dark counts will be pdark to lowest order, and for the third combination, it
will be p2

dark. For all combinations, the resulting state of the atoms will be an equal
mixture of the states |01⟩, |10⟩, |00⟩, and |11⟩.

Collecting all possible combinations of input states, the state after the beam splitter
is the following:

αBSV|ψ⟩⟨ψ| + (βBS + αBS(1 − V)) ρdeph + γBSρgarb, (7.11)

where we have defined ρgarb as a garbage state which contains all terms of the form
|00⟩, |11⟩ and ρdeph = |01⟩⟨10| + |10⟩⟨01|. We have also introduced the visibility, V of
the photons, which accounts for the photons not being perfectly indistinguishable even
for the input state |ψsp⟩ ⊗ |ψsp⟩. The coefficients in Eq. (7.11) are given in App. B.2
in terms of the detector efficiency, dark count probabilities, and the factors defined in
the previous sections.

7.3.4. Quantum memories
The atom-atom entanglement will decohere over time due to dephasing of the spin
state of the atoms. We model this as single-qubit dephasing channels acting on each
atomic qubit, leading to an exponential decrease of coherence with time. Furthermore,
the atoms can get lost from the traps due to imperfect vacuum, which we model as
an erasure channel with an exponential decay of the qubit population with time. As
the quantum states need to be stored for different amounts of time depending on
where the quantum memory is located (transmitter satellite, end-satellite, or ground
station), the previous effect will depend on the location of the quantum memory. The
mathematical model for both of these imperfections is considered in App. B.

Including the effect of the decoherence of the atomic memories on the stored Bell
pairs in the elementary links updates Eq. (7.11) to

α|ψ⟩⟨ψ| + βρdeph + γρgarb, (7.12)

where the coefficients as a function of the coefficients of the previous sections and the
decoherence for a Pauli noise channel can be found in B. As we will discuss later,
atomic loss can be treated as an overall probability of losing an end-to-end entangled
pair.

7.3.5. Entanglement swapping
After entanglement between neighboring links is successfully achieved, we carry out
the atomic Bell measurements in all the satellites of the chain to enable entanglement
swapping to the ground stations. To account for imperfections in the CZ-gate, we
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assume that the gate succeeds perfectly with some probability pswap while with prob-
ability 1 − pswap the swapping results in a ’garbage’ state with zero fidelity with the
desired Bell state. In addition, we also include a finite probability that the atoms
participating in the Bell measurement are lost, which also destroys the entanglement
but is a heralded error. The input state of the first entanglement swapping is:

(α12|ψ⟩⟨ψ| + β12ρdeph + γ12ρgarb)12 ⊗ (α34|ψ⟩⟨ψ| + β34ρdeph + γ34ρgarb)34 , (7.13)

where the coefficients {α12, β12, γ12} and {α34, β34, γ34} are the coefficients of Eq. (7.12)
corresponding to each of the elementary links involved in the entanglement swapping,
respectively. This state is followed by a controlled-NOT (CNOT) gate on qubits 2-3,
a Hadamard gate on qubit 2, and the measurement of both qubits. As a final note,
we can lose an atom as a result of a gate operation. This loss is heralded in the
measurement of the entanglement swap and, therefore, not considered in the compu-
tation of the fidelity. However, it does affect the rate of entanglement and we assign
a probability ploss,swap of losing an atom in the entanglement swapping operation.

After a successful (i.e. no atom loss detected) entanglement swapping operation,
the swapped state will be of the form

A[1]|ψ⟩⟨ψ| +B[1]ρdeph + C[1]ρgarb, (7.14)

where

A[1] = α0α1, (7.15)
B[1] = β0(α1 + β1) + α0β1, (7.16)
C[1] = γ0(α1 + β1) + γ1(α0 + β0) + p2γ0γ1. (7.17)

The state after performing n entanglement swaps is described by the recursive expres-
sions:

A[n] = A[n− 1]αn, (7.18)
B[n] = A[n− 1]βn +B[n− 1](αn + βn), (7.19)
C[n] = γn(A[n− 1] +B[n− 1]) + C[n− 1](αn + βn + p2γn). (7.20)

Finally, we model the imperfect entanglement swapping at the repeater nodes as suc-
ceeding with probability pswap, resulting in an error-free swap, while with probability
1 − pswap, the entanglement swapping results in a garbage state. This allows for ob-
taining a compact expression of the final entangled state between the end-nodes of the
repeater

ρAB =pnsat
swap (A[nsat]|ψ⟩⟨ψ| +B[nsat]ρdeph) + C[nsat]ρgarb

+
(
1 − pnsat

swap
)

(A[nsat] +B[nsat]) ρgarb,

where pnsat
swap is the probability of no faulty entanglement swapping operations across

the chain of nsat satellites. The coefficients A[nsat], B[nsat] and C[nsat] can straight-
forwardly be found from combining (nsat + 1) states of the form ρlink. Note that, in
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general, the coefficients α, β, and γ will be different for each of the elementary links.
From Eq. (7.20), it follows that the fidelity of the final state with the target Bell state
is

FAB = pnsat
swap

A[nsat] +B[nsat]/2
A[nsat] +B[nsat] + C[nsat]

. (7.21)

7.3.6. Rate

For the computation of the rate, we assume thatNmem photons are transmitted sequen-
tially in each elementary-link entangling attempt, using 2Nmem atoms per transmitter
satellite since each satellite covers two elementary links. In each attempt, we assume
that the Nmem photons are emitted within a time assumed to be negligible compared
to the communication time between the links, which is on the order of milliseconds.
We therefore set the repetition time of the entangling attempt to match the longest
communication time between links in the repeater chain.

After each attempt, the entanglement in a link is either swapped if the neighboring
link is also successful or discarded before a new attempt is made. We choose this
mode of operation because for quantum memories with second-long coherence times,
as considered in this work, the communication time between elementary links is too
long to maintain high-fidelity entanglement by storing successful links for multiple
entanglement attempts. It is therefore desirable to have enough multiplexing to ensure
near-deterministic entanglement generation in the elementary links [430].

To estimate the rate of the repeater, we first consider the probability of generating
n Bell pairs in a single elementary link, which is simply

p(g,s)(n) =
(
Nmem

n

)
pnlink,(g,s)(1 − plink,(g,s))Nmem−n, (7.22)

where plink,(g,s) is the success probability per photon for ground-satellite (g) or satellite-
satellite links (s). This expression is valid in the regime where the optical transmission
is limited by beam divergence rather than pointing errors, since the latter can induce
correlated errors, whereas the binomial distribution assumes uncorrelated loss. We
verify that this is the case for realistic pointing errors through Monte-Carlo simu-
lations of the distribution of entangled pairs in an elementary link (see App. B for
details). Since the number of entangled pairs between the ground stations will be
limited by the link with the smallest number of successful pairs, we can express the
probability of generating n entangled pairs between the ground stations, assuming
deterministic swapping, as

p(n) =
( nsat−1∑

i=0

(
nsat − 1

i

)
ps(n)ips(> n)nsat−(i+1)

)
×
( 2∑
j=0

(
2
j

)
pg(n)jpg(> n)2−j

)
− ps(> n)nsat−1pg(> n)2,

(7.23)
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where p(g,s)(> n) =
∑Nmem
i=n+1 p(g,s)(i). Since the entanglement swapping is only near-

deterministic due to the possibility of atom loss, we need to include the probability
of losing some of these pairs due to failed entanglement swappings. This modifies the
probability for establishing n entangled pairs between the ground stations to

pf (n) =
Nmem∑
i=n

(
i

n

)
p(i)(1 − ploss)npi−nloss , (7.24)

where ploss is the probability of unsuccessfully combining the entangled pairs in the
elementary links to achieve an entangled pair between the ground stations due to loss
of at least one atom in any of the elementary link pairs. The final average rate of the
repeater is then estimated as

R =
∑Nmem
i=1 ipf (i)
Tcom

, (7.25)

where we have assumed that the repetition rate is set by Tcom, which is the longest
round-trip communication time between elementary links. Additional details about
the calculation of the rate and fidelity can be found in the App. B, where we provide
detailed expressions for plink,(g,s), ploss, and Tcom.

7.4. Performance: numerical simulations
Using the model explained above, the computation of the rate and fidelity of the
entanglement distribution protocol can be carried out for different parameters of the
system. In our simulations, we consider two different satellites. One has the character-
istics of the Micius satellite [410], namely a telescope with 15 cm radius and σθ = 0.47
µrad pointing error. In addition, we consider an improved second satellite, with a
50-centimeter radius telescope. In both cases, the satellite orbit is at a height of 500
km from the surface of the Earth, the same as the Micius satellite, and both ground
stations have a 60-centimeter radius telescope. We also assume the satellites to be in
a ‘string of pearls’ configuration following an equatorial orbit. The ground stations
are assumed to be at a height of 2000 meters to avoid Mie scattering. Mie scattering
is produced by particles of size comparable to the wavelength of light, mainly due to
atmospheric aerosols. These particles are more abundant in the lower atmosphere and
can be neglected for higher elevations [431].

Rather than using the rate analysis described above to estimate the achievable
rate and fidelity for a fixed number of atoms, Nmem, we instead estimate the number
of atoms needed to achieve a certain target rate and fidelity. We do this to get a
sense of the multiplexing capabilities needed to reach fidelities above 90% compatible
with secret key distillation [242, 432], and rates above 10 Hz (100 Hz) such that at
least 10 (100) entangled pairs could be distributed within the second long memory
time that we assume for the ground state memories. Fidelities above 50% indicate the
presence of entanglement. Since the satellites are moving in orbit, the rate is estimated
as the average rate during the time window where ground-satellite communication is
possible. This communication window is about 5 min per satellite pass above the
ground stations for the satellite height of 500km considered here.
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Figure 7.7: Multiplexing capabilities required to reach a rate of 10Hz (orange) or 100Hz
(blue) and a fidelity of 0.9 in the entanglement distribution protocol in a satellite chain
of 5 satellites. (a) Number of memory modes, Nmem, needed in a satellite with the
characteristics of Micius, i.e. the same size of the telescope (r = 0.15 m), pointing
error (σ = 0.47 µrad) and height (h = 500 km), as a function of the distance between
ground stations. (b) Number of memory modes, Nmem in the text, needed in a satellite
with a bigger telescope radius than Micius (r = 0.5 m) as a function of the distance
between ground stations.

In Fig. 7.7 we plot the necessary number of memory modes per repeater node to
reach a certain rate of entanglement between the ground stations, in this case 10 Hz
or 100 Hz, and a fidelity ≥ 0.9 of the final Bell pair as a function of distance, assuming
a chain of five satellites. The parameters considered in the simulation are shown in
Table 7.1.

From the comparison of Figs. 7.7 a) and b), it is seen that increasing the radius
of the satellite mirrors relaxes the multiplexing requirements up to two orders of
magnitude. While the Micius-like satellite requires more than 1000 memory modes to
get a rate of 100 Hz for a distance of 3500km between ground stations, the upgraded
satellite only requires ∼ 200 memory modes. Additionally, the upgraded satellite only
requires around 1000 memory modes to reach a rate of 100 Hz over distances ≥ 8000
km. This is an order of magnitude less than found in photonic BSM architectures for
similar satellite characteristics [287].

We chose to target a final fidelity of ≥ 0.9 since this allows for direct extraction of
secure encryption keys through quantum key distribution [242, 432]. If higher fidelity
entanglement is required, this can, in principle, be achieved through entanglement
purification [433]. Increasing the rate from the targeted 10Hz or 100Hz can be achieved
by increasing the amount of multiplexing. Increasing the number of memory modes
in Fig 7.7 by a certain factor will result in roughly the same increase in rate.

Table 7.1 shows the assumed quality of the hardware and quantum operations, e.g.,
the entanglement swapping quality and photon detection efficiency, in order to reach
a final fidelity ≥ 0.9. Lower error budgets in the quantum hardware will naturally
increase the performance of the repeater. While errors at the 0.1% level are within
reach of current neutral atom-based hardware, entanglement purification techniques
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Parameters considered for the simulations
Prob. of the transmitter to emit a single-photon p1 0.99

Prob. of the transmitter to emit two photons p2 0.002
Collection efficiency ηcoll 0.49

Visibility of the photons V 0.999
Prob. of losing an atom in the entanglement swap ploss,swap 0.1

Effective loss time in satellite Tloss,sat 0.01 s
Effective loss time in ground station Tloss,gstat 1.5 s
Fidelity of the entanglement swap pswap 0.995

Dark detection probability pdark 10−6

Decoherence time in satellite τc,sat 1.5 s
Decoherence time in ground station τc,gstat 10 s

Photon detection efficiency η 0.98
Transmission probabilities in the elementary links

Trans. prob. sat.-ground. (r = 0.15m) pT,sat-ground 0.14
Trans. prob. sat.-ground. (r = 0.5m) pT,sat-ground 0.33

Trans. prob. sat.-sat. (r = 0.15m) pT,sat-sat 0.052 - 0.0007
Trans. prob. sat.-sat. (r = 0.5m) pT,sat-sat 0.55-0.03

Table 7.1: Assumed values of the parameters in the model. The assumed values are
compatible with current or near-term technology. The parameters that are different
from the ones shown in this table are indicated in the figures. The collection efficiency
is defined as ηcoll = pηcav,coll, where p = 0.99 is the probability of emitting in the
cavity mode, and ηcav,coll = 0.5 is the collection efficiency from the cavity to free-
space. The effective loss coherence times depends on the quality of the vacuum in
the atomic memories and is assumed to be higher for ground stations than on the
satellites. The values of the transmission probability between satellites shown are the
ones for the shortest distance between ground stations (∼ 1300 km) and for the longest
one(∼ 12000km) to provide a sense of the relevant regime.

could also be employed to leverage the effect of non-perfect operations at the expense
of a slower distribution rate.

7.5. Conclusion
In summary, we have proposed a satellite-assisted quantum repeater architecture based
on individually trapped alkali atoms, which has several desirable features for function-
ing as quantum payloads. In particular, the ability to perform nearly deterministic
BSMs with Rydberg-mediated two-qubit gates significantly lowers the amount of mul-
tiplexing needed to establish entanglement at continental distances compared to pro-
tocols based on probabilistic photonic BSMs [287]. Additionally, the use of atoms as
single-photon sources circumvents the need for entangled photon sources and absorp-
tive quantum memories.

We developed a simple but accurate analytical model of the repeater architecture
that allowed us to compute how expensive, in the sense of the number of memory modes
per repeater station, it is to get high-fidelity entanglement at continental distances
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using the setup we propose. From this model, we estimated that a chain of 5 satellites
with a 50-centimeter radius telescope enables high-fidelity (F ≥ 0.9) entanglement at
a rate of 100 Hz with less than 200 atoms per repeater station at a range of 1500 km.

We believe that our model can be readily adapted to provide first-order estimates
of the performance for other satellite-assisted quantum repeater architectures based
on heralded entanglement generation and entanglement swapping, also with different
quantum hardware. This is due to the characterization of the effect of the physical
errors into simple lower-bound estimates of the fidelity of the final state. Notably, our
model allows for easy and fast simulation of long quantum repeater chains in contrast
to Monte Carlo-based simulations [289] where the computational overhead increases
rapidly with the length of the repeater chain.

In addition to the promise of long-distance entanglement distribution, satellite-
assisted quantum repeaters also open up new tools for more fundamental tests of
nature. In particular, the atomic hardware considered here opens up new opportuni-
ties for quantum-enhanced sensor networks relevant for searches for topological dark
matter [267], global time-keeping [357], and tests of the interplay between gravity and
quantum mechanics [360].





Chapter 8

Entanglement-based satellite-assisted
quantum key distribution

Practical considerations and truncated beam optimization

Nature is not embarrassed by difficulties of analysis.

Augustin-Jean Fresnel

Taking a more practical and near-future approach, in this chapter, the practical imple-
mentation of entanglement-based quantum key distribution is studied. In this chapter,
a satellite-based quantum key distribution (QKD) setup covering the Iberian Penin-
sula is proposed and evaluated, linking Madrid with Barcelona, Bilbao, and Lisbon.
Our proposed setup uses a Low-Earth-Orbit state-of-the-art satellite equipped with a
spontaneous parametric down-conversion source to distribute entangled photon pairs to
ground stations. Considering vibrations in the satellite, we optimize the truncated beam
waist, in a similar manner to §6, to enhance the transmission probability and improve
the secret key rate. Our results show that key rates sufficient for real-world applica-
tions, such as secure communication between hospitals, using hybrid classical-quantum
protocols, are feasible with existing protocols. Our results highlight the viability of near-
term satellite-based QKD networks for national-scale secure communications.

The content of this chapter is based on the Ref. [434] Dominguez, V., Badás M. et al. "Quantum key
distribution in the Iberian Peninsula". Optica Quantum 4, Issue 1, pp. 22-30 (2026)
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8.1. Introduction
The realization of a quantum internet holds the potential to revolutionize multiple
fields, including secure communication [28, 30, 402], high-precision sensing networks
[357–359], and distributed quantum computing [403]. In particular, quantum key
distribution (QKD) enables communication with information-theoretic security, a level
of protection unattainable by classical methods.

As discussed in §4 and §7, photon loss fundamentally limits long-distance fiber-
based quantum communication, as quantum signals cannot be amplified due to the
no-cloning theorem. Quantum repeaters between the fiber links address this by seg-
menting the total distance and reconnecting the links via teleportation or error correc-
tion. However, in fiber-based implementations, exponential attenuation necessitates a
large number of repeater nodes for continental or national-scale distances.

Satellite-based free-space QKD offers a promising alternative for long-distance com-
munication without the need for complex repeater infrastructures. Notably, the Micius
satellite has demonstrated QKD over distances from 500 to 7,000 km using a trusted-
node architecture [283, 308]. More recently, entanglement-based QKD was successfully
achieved without relying on a trusted node, decreasing the risk of eavesdroppers, reach-
ing up to 1,200 km [310, 410] –distances well beyond the capability of terrestrial fiber
networks.

Fiber-based QKD has also made significant progress, enabling high-speed, secure
communication across metropolitan areas. Recent demonstrations include the pro-
tection of multiple virtual private networks (VPN) [435] and secure data exchange
between hospitals in the Madrid area via a trusted-node QKD network [436]. The
next logical step is to extend these capabilities from city-scale to national-scale cover-
age.

To this end, we propose a satellite-based QKD architecture to interconnect major
cities across the Iberian Peninsula –Madrid with Barcelona, Bilbao, and Lisbon– as
shown in Fig. 8.1(a). Our system employs a satellite like Micius [310], in a low Earth
orbit (LEO) equipped with a spontaneous parametric down-conversion (SPDC) source
–see §4.3 for more details on this type of source– to distribute entangled photon pairs
to multiple ground stations, implementing the BBM92 protocol presented in §2.2.2. In
our setup, we consider the vibrations in the satellite and propose a novel optimization
of the beam waist that generalizes the static Gaussian beam clipping problem [437],
to the dynamic regime. Unlike classical optical communication links that prioritize
signal stability to minimize fading outages [175], our method maximizes the average
photon yield even at the cost of higher signal variance. This optimization allows us to
mitigate the detrimental effects of pointing jitter and consequently increase the photon
transmission probability to the ground stations.

We evaluate the system’s performance with and without optimization, demon-
strating that the latter significantly enhances the secret key rate (SKR) –by a factor
of approximately 10. The non-optimized beam refers to a Gaussian with a beam
waist of radius w0,non-opt = 2.7 cm, which is compatible with the 10µrad divergence
at a wavelength of 850 nm, as reported in Ref. [245] for the Micius satellite. In our
model, we also consider atmospheric conditions in real time, following the work done
in [258]. In other words, the weather data is collected for the desired experiment
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duration at the target locations using the Free Weather API software [438] and fed
into an empirical mathematical model [258] that extracts the attenuation experienced
by an optical beam operating at the wavelength of 1550 nm. A single satellite link
proves sufficient to support secure communication across the Iberian Peninsula. Our
results show that the SKR is adequate to support existing QKD use cases such as
hospital-to-hospital encryption demonstrated in the MAD-QCI project by Telefónica,
using hybrid protocols where the quantum layer handles key generation and classical
layers manage key expansion via IPsec [436]. Furthermore, we check that for more de-
manding use cases such as supporting virtual private network (VPN) services using the
ETSI-QKD-014 protocol for JPMorgan [435], we would need to improve the entangled
photon pair source rate by 3 orders of magnitude, i.e., 1 GHz. While such a high rate
has not currently been demonstrated on a satellite, it is compatible with performances
demonstrated in laboratory environments simulating LEO satellite conditions [439].

8.2. Model
We focus on a downlink configuration, where photons are transmitted from a satel-
lite to ground stations. This setup is preferred because atmospheric disturbances are
generally less severe than in the uplink case, where photons travel from the ground to
the satellite [288, 422]. In the uplink, atmospheric disturbances are more pronounced
because turbulence affects the beam early in its propagation path, significantly increas-
ing its divergence compared to the downlink case. The satellite carries an onboard
entangled photon source that probabilistically generates polarization-entangled pho-
ton pairs. Specifically, we consider a single satellite like Micius, with telescopes of
radius of 15 cm, a rate of entangled photon pairs per second of 5.9 · 106 pairs/s and
pointing jitters of ∼ 10−6 rad [81, 310], in a low Earth orbit (LEO) at an altitude of
approximately 400 km, following a medium-inclination trajectory at a latitude of 42°,
passing over the Iberian Peninsula, as illustrated in Fig. 8.1(b).

We consider the BBM92 protocol explained in §2.2.2, where the photons are mea-
sured randomly in either the Z or X basis at the ground stations. Only photon pairs
detected in the same basis are retained in classical memories through postselection.
We employ the BBM92 protocol, following the approach demonstrated by the Micius
satellite [310]. The figure of merit that we base our analysis on is the extracted key
material; in general, the value is presented as a certain amount of bits per second (bps),
but eventually it may also be convenient to also express it in terms of bits per satellite
pass. The calculation involves three main steps, which are discussed in the Sections to
follow: (1) the model of the photonic qubit states generated by the entangled photon-
pair source on board the satellite; (2) the effect of the optical channels between the
satellite and the ground stations; (3) the effect of the measurement performed by the
receivers in the presence of noise.

8.2.1. Entangled photon pair source

A pump laser is used to drive a nonlinear optical crystal (e.g., PPKTP or others
presented in §4.2.2) in both the clockwise and anticlockwise directions of the Sagnac
interferometer simultaneously, generating down-converted polarization-entangled pho-
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Figure 8.1: Experimental setup. (a) Ground stations of the regional quantum key dis-
tribution (QKD) network that we want to implement. The central node is Madrid, and
the key distribution is always between Madrid and any of the other cities (Barcelona,
Bilbao, and Lisbon). (b) We consider a downlink scenario, with an entangled photon
source firing photons from the satellite to the ground stations. At the ground stations,
the photons are randomly measured in the X or Z basis. To perform such a measure-
ment, the photons go through a 50/50 beam splitter (BS), followed by a half-wave plate
(HWP) with the fast axis at 22.5◦ in one of the outputs, which changes the basis of the
input photons. Finally, before measuring, the photons go through a polarization beam
splitter (PBS) such that we measure different polarizations- horizontal (DH), vertical
(DV ), diagonal (DD) and antidiagonal (DN )- at the output ports of the B.S. The
measurement results are fed into a classical memory from which we can then extract
secret keys for the two applications we consider.

ton pairs with orthogonal polarizations [410, 440],

|ψsource⟩ ≈(1 − λ)
[
|0, 0⟩A,B

+
√

2λ1/2

(1 − λ)1/2
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(|H⟩A|V ⟩B + |V ⟩A|H⟩B)

+
√
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1√
3

(|2H⟩A|2V ⟩B + |HV ⟩A|HV ⟩B + |2V ⟩A|2H⟩B) + . . .

]
,

(8.1)

where the subscripts A and B correspond to two different spatial modes directed
toward the ground stations of Alice and Bob respectively, |H⟩ and |V ⟩ denote the
horizontal and vertical polarization states, respectively. The state |Ψ+⟩ = 1/

√
2
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(|H⟩A|V ⟩B + |V ⟩A|H⟩B) denotes the desired state, which corresponds to a maximally
entangled state with anticorrelated polarization. Equation (8.1) neglects higher-order
multi-pair contributions and is therefore truncated at second order, as shown.

The term µ = 2λ is the average number of photon pairs generated per pulse,
characterised by the brightness of the SPDC source [440]. The source operates in a
weak-pump regime, where λ ≪ 1, implying that the probability of emitting a photon
pair is low. However, operating in this regime is necessary since it suppresses multi-
photon events (∝ |2H⟩A|2V ⟩B + |HV ⟩A|HV ⟩B + |2V ⟩A|2H⟩B), which causes errors
and lowers the secret key rate. In other words, there is a trade-off between the rate
and the fidelity of entanglement. In our simulation, we optimize λ (proportional to
the average number of photon pairs generated) to obtain the highest SKR.

8.2.2. Photon transmission
Photon losses during transmission to the two ground stations will change the received
state from the one emitted by the SPDC source. We model this by passing the state
in Eq.(8.1) through fictitious beam splitters in each spatial mode, where one output
of the beam splitters corresponds to the loss, while the other is the transmitted mode.
In general, the two spatial modes experience different transmission probabilities due
to the asymmetric distances from the satellite to each of the ground stations. This
is also relevant during satellite orbit, since the photons from the same pair can only
be captured by both optical ground stations when the satellite is within their mutual
range. In the calculations that follow, the maximum zenith angle of each ground
station that determines whether it is in range of the satellite or not during the orbital
movement is seventy-five degrees.

The free-space transmission probability is estimated from the model in §7, which
includes divergence, atmospheric absorption, and pointing jitter. For a more accurate
estimation of the number of entangled photon pairs captured by the ground station per
second, an optical propagation model based on §6, which accounts for the truncation-
induced diffraction of the beam in the transmitter’s telescope, is used. As discussed
in §5.5, in the paraxial regime, the diffraction effects of single-photon states –arising
here from truncation of the transmitted beam– can be described using the Rayleigh-
Sommerfeld, Fresnel, and Fraunhofer integrals. These formulations carry over from
classical field theory to quantum field theory due to their formal equivalence. In this
chapter, Fresnel propagation is employed to model the evolution of single-photon states
and obtain the spatial mode at the receiver aperture plane.

Previous works (see §7) often assume a Gaussian beam where the truncation of
the beam in the transmitter can be neglected. Instead, we explicitly take this effect
into account using the model from §6. This model enables the accurate evaluation of
the average photon capture probability of each downlink channel, accounting for both
the diffraction effects and the pointing jitter.

The beamwaist w0 of the spatial Gaussian mode is located at the satellite’s tele-
scope aperture. The telescope on board the satellite has a radius a. The field at the
ground station’s aperture plane, located at a distance z, can be computed numerically
through Fresnel propagation, as explained in §5.5. This propagation gives the proba-
bility density function of the spatial location of the single-photon, i.e. I(x, y), in the
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ground station’s aperture plane. Then, a convolution can be performed to compute
the probability of capturing the single-photon g(x0, y0) when the center of the beam
is displaced to (x0, y0) in the ground station’s reference system. This convolution can
be computed using the convolution theorem by

g(x0, y0) = F−1{F(I) · F(A)} (8.2)

where A(x, y) is the aperture function of the ground station’s telescope and F is
the bidimensional Fourier transform. The satellite pointing jitter is modeled as a
bidimensional Gaussian probability density function of the location of the center of
the beam at the ground station frame of reference (x0, y0),

fPJ(x0, y0) = 1
2πσ2 exp

(
−x2

0 + y2
0

2σ2

)
(8.3)

where σ = zσθ, and σθ is the angular pointing jitter. By combining the previous
equations, the probability density function of the photon capture probability can be
computed as [441]

f(η) =
∫∫

R2
fPJ(x0, y0) δ[η − g(x0, y0)] dx0 dy0 (8.4)

where η is the photon capture probability and δ(x) is the Dirac delta function. Finally,
the average of this probability density function gives the average photon capture proba-
bility. As shown in App. C.3.2, the latter is to be maximized in the context of quantum
entanglement-based QKD for optimal performance of the system. This maximization
is done by varying the beamwaist w0 of the spatial Gaussian mode transmitted.

By changing the beamwaist w0 of the transmitted spatial Gaussian mode, the av-
erage photon capture probability η can be maximized. Fig. 8.2 shows the optimization
of the beamwaist for the apertures used in the present work. The results show that an
optimum beamwaist can be found that maximizes the average photon capture proba-
bility (this maximum barely changes with the distance between the terminals). This
maximum is the result of two counteracting effects when increasing the beamwaist.
On the one hand, increasing the beamwaist increases the collimation of the beam and
therefore results in a smaller spread of the spatial mode on the receiver aperture plane.
On the other hand, as the beamwaist increases, the truncation effects due to the finite
aperture of the transmitter start to be relevant. These truncation effects account for
the telescope’s transmission probability and the diffraction induced by the edges of
the aperture.

As a result of this optimization, the spatial spread of the single-photon mode in
the ground station’s aperture plane can be significantly reduced, compared to a case
in which w0 ≪ a (where a is the transmitter’s telescope radius). This optimum beam,
when combined with the pointing jitter statistics, results in a higher average photon
capture probability η. This formulation generalizes the classic optimization of static
on-axis irradiance [437] to include the dynamic and stochastic effects of the pointing
jitter. While the static approach maximizes the peak far-field intensity, our optimiza-
tion targets the average collected power by explicitly integrating over the probability
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Figure 8.2: Optimization of the average photon capture probability η as a function of
the ratio w0/a, where w0 is the beam waist transmitted from the satellite and a is the
satellite aperture radius. The simulation assumes a pointing jitter σPJ = 0.47 µrad
[81, 310], a satellite aperture radius a = 15 cm, and a ground station aperture radius
of 60 cm. Curves correspond to different link distances z and red dots to the maxima
found.

density function of the pointing jitter. Consequently, the optimal beam-to-aperture
ratio is not fixed, but strictly depends on the magnitude of the pointing jitter as
shown in App. C. However, the maximization of the average photon capture probabil-
ity comes along with an increase on the fluctuation of the photon capture probability
η around the average η. Although these fluctuations can be very detrimental in clas-
sical communication links –as was analyzed in §6– this is not the case for quantum
entanglement distribution. As shown in App. C, the average photon capture prob-
ability is what matters on quantum entanglement distribution protocols affected by
the pointing jitter stochastic process. These differences arise because classical systems
decode information from large correlated bit strings, which require a stable power to
get as many of these correlated bits as possible. Then, classical error correction codes
are applied to correct the bits flipped in the transmission. If the probability of being
below a certain power threshold is high, the classical error correction codes can not
compensate for the flipped bits, and information contained in the full bit string is
lost. For quantum key distribution, however, we detect individual independent events
on each receiver. Hence, in this case, the maximization of the number of photons
captured in each receiver can be pursued.

The effect of the atmospheric channel in the performance of the system has also
been modeled. The atmospheric attenuation and scattering model presented in Ref. [258]
has been used. Regarding the atmospheric turbulence, under weak turbulence con-
ditions, the effect of beam spread and wander has been considered negligible for
the downlinks at limited zenith angles considered in this work [422]. Moreover, the
turbulence-induced scintillation and the resulting coupling efficiency on the detector
are accounted for in the coupling efficiency –this efficiency is obtained assuming an
adaptive optics system on the ground station [442]. Enforcing wavefront correction
can be achieved by spectrally multiplexing a beacon channel alongside the photonic
qubit beam on the downlink path, as shown in Ref. [443]. We assume that a spec-
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tral channel separation of a few tens of nanometers is enough to guarantee both an
optimal fiber coupling performance of the photonic qubits via the adaptive optics
and efficient spectral filtering with free-space and fiber filters. Furthermore, based on
satellite-to-ground experimental observations reported in Ref. [273], the depolarizing
effect induced by atmospheric turbulence can be regarded as negligible.

Other dynamic atmospheric effects that significantly impact the quality of the
QKD link, depending on time of day and weather, are also taken into account. This is
possible due to the framework developed in Ref. [258], where the sun irradiance –used
to calculate the stray light impinging on the single-photon detectors–, and atmospheric
parameters –such as cloud coverage factor, weather visibility, and the relative angle
between the satellite and the ground station telescope– are extracted at the ground
station locations and used to determine noise levels and photon losses dynamically. To
limit the analysis to reliable links, we exclude observations where the satellite’s zenith
angle exceeds 75◦ with respect to the ground stations. We also model false detections
assuming that there is a probability pdark that a detector clicks despite no photon
being received. We assume that this event translates into a detected state with zero
fidelity with respect to the desired entangled state, leading to a lower bound in the
overall fidelity measured at the ground.

8.2.3. Photon measurement
At the ground stations, the incoming photons are randomly measured in either the
Z basis –defined by the states |H⟩ (horizontal) and |V ⟩ (vertical)– or the X basis,
defined by |D⟩ = (|H⟩ + |V ⟩)/

√
2 (diagonal) and |N⟩ = (|H⟩ − |V ⟩)/

√
2 (antidiago-

nal). To implement this random-basis measurement, the photons first pass through a
50/50 beam splitter (BS). At one of the BS output ports, a half-wave plate (HWP)
is used to rotate the measurement basis from Z to X. Both outputs are then directed
into a polarization beam splitter (PBS), which spatially separates the polarization
components, as illustrated in Fig. 8.1(b).

Assuming the maximally-entangled state |Ψ+⟩ is received at the ground stations,
it evolves as follows:

1√
2
(
|H⟩A|V ⟩B + |V ⟩A|H⟩B

) B.S.−−→

1√
2

[
1√
2

(|H⟩A1 + i|H⟩A2) 1√
2

(|V ⟩B1 + i|V ⟩B2)

+ 1√
2

(|V ⟩A1 + i|V ⟩A2) 1√
2

(|H⟩B1 + i|H⟩B2)
]
.

(8.5)

where a phase i corresponding to the reflected state (corresponding to path 2 in
Fig. 8.1(b)) in each beam splitter appears. Here, the subscripts A1, A2, B1, and B2
refer to the different spatial modes after the beam splitter for the photon at the ground
station A and B, respectively. The different spatial modes are shown in Fig. 8.1(b).
The output ports labelled A2 and B2 undergo a basis transformation via a HWP:
|H⟩ → |D⟩ and |V ⟩ → |N⟩. Subsequently, each output passes through a PBS, which
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separates the polarization components before detection. The resulting state just before
measurement is:

|ψfinal⟩ = 1
2
√

2
[|H⟩AH|0⟩AV|0⟩BH|V ⟩BV + i|H⟩AH|0⟩AV|0⟩BD|N⟩BN

+ i|D⟩AD|0⟩AN|0⟩BH|V ⟩BV − |D⟩AD|0⟩AN|0⟩BD|N⟩BN

+ |0⟩AH|V ⟩AV|H⟩BH|0⟩BV + i|0⟩AH|V ⟩AV|D⟩BD|0⟩BN

+ i|0⟩AD|N⟩AN|H⟩BH|0⟩BV − |0⟩AD|N⟩AN|D⟩BD|0⟩BN] .

(8.6)

where the first subscript corresponds to the ground stations (A or B) and the second
subscript to the detector path (H, V, D, or N), as depicted in Fig. 8.1(b). From
Eq. (8.6), we observe that in half of the cases, the photon pairs are measured in the
same basis (either Z or X). Consequently, during post-selection, approximately 50%
of the events are discarded to ensure only measurements in matching bases are kept.
The fidelity, F , of the final state, relevant to the calculations of secret key rate in the
next section, is taken with respect to a maximally-entangled Bell state. The final state
is of the form

ρfinal = A|ψ⟩⟨ψ| +Bρdeph + Cρgarb, (8.7)
where |ψ⟩ is the desired target state which gives fidelity 1, ρdeph are the multi-photon
states, where one photon for each elementary link has been lost, resulting in a dephased
states which gives fidelity smaller than one, and ρgarb is the non-specified ’garbage’
density matrix with zero overlap with the desired target state. The (normalized)
density matrix of the dephased state is the following

ρdeph =
(

5|H⟩A|V ⟩B⟨H|A⟨V |B + 5|V ⟩A|H⟩B⟨V |A⟨H|B

+ |H⟩A|H⟩B⟨H|A⟨H|B + |V ⟩A|V ⟩B⟨V |A⟨V |B
)
/12,

(8.8)

being the fidelity of the previous state Fdeph = ⟨ψ|ρdeph|ψ⟩ = 5/12 . Therefore, the
overall fidelity is

F = ⟨ψ|ρfinal|ψ⟩
Tr(ρfinal)

=
A+ 5

12B

A+B + C
, (8.9)

where the coefficients A, B and C depend on the transmission probabilities, the source
brightness, and the dark counts (see App. C.2 for details).

8.2.4. Secret key rate calculation
The computation of the SKR follows the model shown in [258], where both the as-
sumption of a depolarizing channel and Werner states produced by the entangled
photon-pair source have been used. This analysis provides a lower bound on the
achievable secret key rate and takes as input the calculated fidelity of the state mea-
sured on the ground. Furthermore, the model enables one to split the effect of losses
and decoherence (loss of fidelity) in the channel, calculating them separately only to
combine them when calculating the final secret key rate expression:

SKR = Rfinal · (max (0, 1 − (1 + ξ) H (QBER))) . (8.10)
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In the expression above, H is Shannon’s entropy function, ξ is a factor representing the
inefficiency of the classical protocol required for key extraction [440], and the QBER
is calculated based on the total state fidelity.

QBER = 1
2

(
1 − 3F + 1

4

)
. (8.11)

Rfinal = RpT,A pT,B depends on the rate R of the source in the satellite and the to-
tal channel efficiency, i.e., source-to-ground-stations transmission probabilities. This
term can be decomposed into three main ones: the free-space path loss, governed
by the divergence of the beam and the pointing jitter; the atmospheric attenuation
factor, governed by the weather condition; and the detector efficiency, which varies
significantly in case one chooses cryogenically-cooled detectors (higher efficiency, but
fiber coupling is required), or free-space-coupled detectors (lower efficiency, no fiber
coupling). For the purpose of this analysis, we choose to operate under the assump-
tion that fiber coupling can be efficiently implemented via adaptive optics correction
strategies, leading to an overall net improvement in the channel quality with the more
efficient superconducting nanowire single-photon detectors (SNPDs). This assumption
is also tied to a lower system jitter and lower detector dead times, which lead to a
higher signal-to-noise ratio (due to narrower available detection time windows and de-
tection saturation rates). For the purposes of this study, the fiber-coupling efficiency
is set to 40%; inclusion of the turbulence and wavefront correction on the QKD link
performance is left as future work.

In summary, the transmission from the satellite to the ground stations follows the
expression

pT,A =ηS-GAγS-GAαS-GA (8.12)
pT,B =ηS-GBγS-GBαS-GB. (8.13)

η accounts for the diffraction and pointing jitter losses (see Section 8.2.2), γ for atmo-
spheric attenuation and scattering loss, α for coupling loss, and GA/GB for the two
ground stations of interest. A coupling loss of α = 0.5 is considered in agreement with
simulations and experimental data in optical downlink channels with adaptive optics
and single-mode fiber coupling [254, 255, 442]. The detailed description of how each
of these terms is evaluated can be found in App. C. The reason for evaluating the two
paths individually is the channel asymmetry during satellite transit, not only in terms
of the dynamic conditions (such as weather conditions) but also the distance between
the spacecraft and either ground station.

Equipped with the overall loss term, the probabilities –per attempt– associated
with the detection of a valid pair can be translated into raw detection rates via the
source pair emission rate R. These are further translated into the expected secret
key rate using a key extraction algorithm that implements: basis reconciliation, error
correction, and privacy amplification. As mentioned before, depending on the channel
quality, the raw detection material that must be spent in order to produce a final key
will change according to the classical protocols being used. Since this procedure can
be quite computationally intensive and would have to be executed for each time step
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at each satellite pass, a look-up table was generated by feeding the software with a
grid of parameters (QBER and block length) –refer to App. C.4 for discussions and
results.

8.3. Results
For the course of one month, specifically June 2025 (when the calculations presented
in this chapter were computed), we compute the SKR per satellite pass that reached
the ground stations, while accounting for real-time weather conditions. Our analysis
focuses on three links: Madrid–Barcelona (504 km), Madrid–Bilbao (322 km), and
Madrid–Lisbon (503 km). We begin by computing the SKR per pass and, based
on this, derive the usable secret key material per pass. By averaging the usable
key material per pass and taking into account the percentage of successful passes,
i.e., the passes where communication between the satellite and the ground stations is
established, we obtain the average secret key material rate, which we then compare
against the requirements of Telefónica and JPMorgan use cases.
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Figure 8.3: Secret key material between Madrid and Barcelona (left), and Madrid and
Bilbao (right). The blue data shows the usable key without carrying out the beam
optimization, and the red data shows the results when applying the optimization of the
beam. The discontinuous red line shows the average key per pass. In the link Madrid-
Barcelona, the successful passes, where the key is shared between the satellite and the
ground stations, are around 39% for the non-optimized case and 48% for the optimized
case. While in the Madrid-Bilbao link, the successful passes for the non-optimized case
are around 22% and for the optimized case 24%, leading to a lower average of secret
key material.

In Fig. 8.3, we present the secret key material per satellite pass and its aver-
age for both the non-optimized and optimized cases on the Madrid Barcelona and
Madrid–Bilbao links. The non-optimized beam refers to a Gaussian with a beam
waist of radius w0,non-opt = 2.7 cm, which is compatible with the 10µrad divergence
at a wavelength of 850 nm, as reported in Ref. [245] for the Micius satellite. The figure
shows that beam optimization results in an increase of the average secret key material
by an order of magnitude, which increases the SKR to a point where enough secret
bits are produced to run the applications.
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Non-Optimized Scenario Optimized Scenario
Link Rate [keys/s] Telefónica JPMorgan Rate [keys/s] Telefónica JPMorgan

Req. met? Req. met? Req. met? Req. met?
Mad-Bilb 0.003 No No 0.028 Yes No
Mad-Bcn 0.012 Yes No 0.132 Yes No
Mad-Lis 0.004 No No 0.055 Yes No

Table 8.1: Summary of results for an entangled photon source (Micius-like, 5.9 · 106

Hz [310]). The table details whether the achievable key rates meet the distinct service
requirements for Telefónica (0.006 keys/s) and JPMorgan (2.13 keys/s).

Table 8.1 summarizes the computed results for the different links and compares
them against two use cases: Telefónica [436], which requires 256-bit keys every 12 hours
(equivalent to 0.006 bits/s), and JPMorgan [435], which requires 256-bit keys every
2 minutes (2.13 bits/s). For the Telefónica case, the 256-bit size ensures compliance
with the standard RFC 8784, while the 12-hour rotation is a conservative reduction of
the NIST 24-hour recommendation to protect sensitive medical data [444]. We observe
that the 12-hour key renewal, used for communication between hospitals, is achieved
across all links when the beam optimization is carried out. We do also see that for
the link Madrid-Barcelona, this last use case can also be implemented without the
optimization. This is due to the high percentage of successful passes, i.e., the key is
shared between the satellite and the ground stations, we observe in that link during
the month we are evaluating: around 39% for the non-optimized case and 48% for the
optimized. This contrasts with the other two links, where the percentage of successful
passes is around 20–25%, and up to 34% for the optimized case between Madrid and
Lisbon. The passes where the communication is established between the satellite and
the ground station are higher in the optimized case due to the fact that in those cases
the overall channel efficiency improves; therefore, there will be cases where the SKR
is zero in the non-optimized cases and non-zero in the optimized case.

However, for the more demanding use case of QKD-based VPNs, where the key
must be refreshed every 2 minutes, the required key rate is not met. To get to such
key requirements, we would need to improve the entangled photon source rate to the
order of 1 GHz [439] (see Tab. 8.2). Additionally, we could also boost the SKR by
not only increasing the photon source rate, but also combining it with the decrease
in coupling loss, γ, which we consider 0.5 due to the scintillation effect of the lowest
parts of the atmosphere [254, 255, 442]. This coupling efficiency could be increased by
considering free-space coupling into the single-photon detectors [445], or multimode
fiber coupling [446, 447]. For distances beyond the Iberian Peninsula, constellations
of satellites could be used as proposed in §7.

8.4. Conclusion
In summary, we have demonstrated how single-satellite architectures enable the exten-
sion of quantum key distribution (QKD) from metropolitan-scale deployments [436] to
national-scale distances. Our approach employs an entanglement-based QKD proto-
col, which eliminates the need for trusted nodes in the key distribution process, thereby
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Non-Optimized Scenario Optimized Scenario
Link Rate [keys/s] Telefónica JPMorgan Rate [keys/s] Telefónica JPMorgan

Req. met? Req. met? Req. met? Req. met?
Mad-Bilb 0.565 Yes No 5.005 Yes Yes
Mad-Bcn 2.367 Yes Yes 22.978 Yes Yes
Mad-Lis 1.031 Yes No 10.378 Yes Yes

Table 8.2: Summary of results for an entangled photon source of 109 Hz. The table
details whether the achievable key rates meet the distinct service requirements for Tele-
fónica (0.006 keys/s) and JPMorgan (2.13 keys/s).

reducing the risk of eavesdropping. Furthermore, we introduced a beam optimization
method that accounts for satellite pointing jitter and the truncation effects due to
the finite size of the transmitter’s aperture, maximizing the transmission probability.
This optimization allows us to meet the key rate requirement for the current use cases
of secure communication between two hospitals [436], using state-of-the-art satellite
technology [310]. Furthermore, by upgrading the rate of the entangled photon source
to 1GHz, which can be reached with current technology [439], we could also meet the
requirement for the most demanding use case [435].

In those use cases, hybrid quantum algorithms are employed, where only the first
layer involves quantum processing. As a natural progression, future work should in-
vestigate fully quantum algorithms and their corresponding key rate requirements.
Furthermore, limitations arising from photon arrival-time correlations have not been
considered in this thesis (where sub-nanosecond time synchronization has been consid-
ered, see App. C.4), particularly those influenced by clock synchronization imperfec-
tions. Their impact on the number of usable detected photons –especially in the high
photon capture rate regime enabled by the optimization proposed in this chapter–
should be addressed in future work.

Additionally, in our current setup, we assume trusted ground stations for classical
information storage. Incorporating quantum memories at the ground level would allow
for the use of untrusted ground stations and enable the distribution of entanglement
across nodes. This would open the door to a broader range of quantum technologies
beyond QKD, including blind quantum computing [355, 356] and quantum-enhanced
sensing networks [357–359].
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Beam shaping
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In the previous part, we quantified the effects of pointing jitter and optical aber-
rations in satellite optical and quantum communications and showed how the residual
pointing jitter can be one of the dominant performance-limiting factors in intersatel-
lite optical links. In this part, we propose a beam-shaping strategy specifically aimed at
mitigating the impact of such residual stochastic pointing errors. By moving beyond
the fundamental Gaussian beam and engineering the transverse field distribution, we
demonstrate that a redistribution of optical power within the receiver aperture can
substantially enhance link robustness to pointing jitter, relaxing the requirements of
pointing control.

In §9, we introduce a scheme that combines Gaussian and higher-order Laguerre–
Gaussian beams to generate optical field shapes that are intrinsically resilient to point-
ing jitter. The approach relies on the superposition of orthogonally polarized beams
to tailor irradiance profiles in the receiver aperture plane. Chapter §10 presents the
first experimental demonstration of this orthogonal superposition technique. Although
ideal Laguerre–Gaussian modes cannot be reproduced exactly with the proposed setup,
the experimentally generated annular beams already exhibit the intended resilience and
clearly demonstrate the potential of beam shaping to mitigate pointing-induced losses.
Building upon these ideas, §11 develops a rigorous mathematical framework to derive
optimal far-field beam shapes using variational methods and proposes several optical
systems capable of approximating these optimal solutions.
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Chapter 9

Orthogonal superposition of
Laguerre-Gaussian beams

Towards pointing jitter resilient beam shapes
for intersatellite optical communications

The whole is equal to the sum of its parts
when the parts are unaware of one another.

Almudena Grandes

This chapter proposes a novel approach to improve the performance of intersatellite
optical links by combining fundamental Gaussian and higher-order Laguerre-Gaussian
beams. To generate the desired beam profiles, we propose an optical system capable of
creating a superposition of orthogonally polarized Laguerre-Gaussian beams that yield
the far-field irradiance distributions that optimize the communication performance.
Our theoretical analysis demonstrates that the combination of fundamental Gaussian
and higher-order modes can significantly enhance system performance compared to
conventional fundamental Gaussian beams. In some scenarios, the proposed approach
offers savings on the order of 20% to 40% of the power required in the transmitter.

The content of this chapter is based on the Ref. [389] Badás M. et al. "On the optimum far-field
irradiance distribution using Laguerre-Gaussian beams for intersatellite free-space optical communi-
cations," Optics Express 32, Issue 18, 31597-31620 (2024)
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9.1. Introduction
As we have seen in the previous chapters, on an intersatellite link, the modulated
laser is directed toward the receiver as accurately as possible. However, as seen in
the previous chapters, several perturbations occurring in the space environment will
induce microvibrations of the satellite, e.g., reaction wheels, thermomechanical and
gravitational effects (see §3.3.1). All these sources combine to give rise to a stochastic
pointing jitter that will deviate the optical axis of the transmitter from the center
of the receiver aperture. The effect of this stochastic process is a fluctuation in the
power collected by the receiver aperture that is detrimental to the communication
performance. The high directivity of narrow laser beams can only be exploited if the
transmitter pointing jitter is maintained within some operational range. In fact, as
it is shown in §6.3.1 the divergence of the laser beams needs to be adjusted for the
amount of pointing jitter that is expected in the transmitter terminal.

The effect of this power reduction on the communication performance of the link
has been thoroughly studied in the past. Most of the work available in the literature
combines the atmospheric and the pointing jitter effects [119, 175, 448], although some
of them consider the intersatellite link scenario in which only the pointing jitter plays
a role [118, 149, 150, 154]. Some of these papers not only present models to compute
the effect of the pointing jitter but also optimize the link performance considering
the detrimental effect of the pointing jitter (see §6). There are several approaches
to optimize the link performance by varying different parameters and maximizing (or
minimizing) different objective functions. Most of them consist of varying the beam
divergence of the transmitted beam to minimize the average bit error probability
(ABEP) [118, 154, 176] or the outage probability [175]. Furthermore, research has
also been done on the receiver architectures and the modulation techniques used to
communicate [149, 449]. On the other hand, a huge effort is being devoted to reducing
the microvibrations on board satellites to reduce the pointing jitter of free-space optical
communications (FSOC) terminals in space [171].

However, on intersatellite links, mostly Gaussian beam profiles have been investi-
gated. Nevertheless, under the effect of the transmitter pointing jitter, the Gaussian
irradiance distribution might not be the optimum for the communication performance
on an intersatellite link. In this chapter, we propose to use a superposition of linearly
orthogonally polarized higher-order Laguerre-Gaussian beams to improve the commu-
nication performance on intersatellite FSOC links. It is investigated whether these
beams can improve the communication performance on intersatellite links and how
they can be generated onboard an FSOC terminal. In §11, the concept of far-field
beam shaping is further developed to determine the optimal far-field irradiance for
mitigating transmitter pointing jitter.

Firstly, the model to compute the statistics of the received power and the resulting
communication performance is presented for a given irradiance distribution on the
receiver aperture (see §9.2). Furthermore, an optical system to generate these beams
is also proposed, explaining the limitations of such a system and the design decisions
made (see §9.3). Finally, the numerical results showing the optimum far-field distribu-
tions are presented, demonstrating an improvement in performance due to the beams
proposed by the authors.
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9.2. Received power statistics and communication performance

The high directionality of the laser beam in an FSOC link enables lower free-space
power losses, meaning that compared to a less directional beam, more power will
reach the receiver’s aperture. However, this directionality can only be exploited up
to a certain point due to the transmitter pointing jitter. For the satellite-based links
studied in this chapter, this pointing jitter is due to micro-vibrations of the platform
that originate in the orbit environment. The magnitude of the pointing jitter has been
measured in several optical and quantum communication satellites and ranges from
sub-microradians to milliradians (see §3). Although the deviation of the beam due to
the microvibrations can be reduced with coarse and fine pointing assembly mechanisms
(e.g., gimbals and fast steering mirrors), the pointing jitter in the transmitter terminal
onboard a satellite will always occur to a greater or lesser extent. The transmitter
pointing error deviates the center of the beam from the optical axis of the receiver. For
a Gaussian beam, as the maximum power is concentrated in the center of the beam,
this mispointing diminishes the power collected by the aperture of the receiver. Finally,
these power fluctuations deteriorate the performance of the optical communication
link. Hence, it is very important to correctly model and understand the magnitude of
these power fluctuations and how they affect the communication performance of the
system. In this section, a brief summary of the model presented in §6.2 for analyzing
the received power statistics and the communication performance of the system is
presented.

9.2.1. Received power statistics

As discussed in §6.2, the power received will vary over time as the transmitter pointing
error changes due to jitter (see Fig. 9.1). However, as the received power variations
due to the pointing jitter are orders of magnitude slower than the modulation period
of the communication signal (the power fluctuations due to the pointing jitter will be
below kHz while the modulation will be at least in the MHz domain), the slow-fading
channel model can be considered for the intersatellite link [175].

The power captured by the receiver aperture for a given pointing error can be
computed by integrating the irradiance field across the aperture (see (6.12)). Then,
the expression of the power as a function of the displacement of the center of the beam
w.r.t the optical axis of the receiver, g(x0, y0), can be combined with the probability
density function (PDF) of the displacement of the beam center to obtain the PDF
of the received power (see (6.13)). In general, the PDF of the pointing jitter, and
therefore of the displacement of the beam center from the receiver’s optical axis, will be
axially symmetric with respect to the optical axis of the receiver. Given that the PDF
of the pointing jitter is axially symmetric and that the aperture of the receiver is also
considered axially symmetric with respect to the same axis, the irradiance distributions
that will be investigated throughout this chapter will keep this symmetry. Therefore,
the irradiance distributions in the far-field will also be considered axially symmetric.
Under these considerations, the power collected as a function of the displacement of
the center of the beam will maintain this symmetry and can be expressed as (see
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Figure 9.1: Generic far-field irradiance distribution in the receiver’s aperture plane
for a decentered beam. a and b are the inner and outer radii of the aperture, and r0
is the instantaneous pointing error in meters.

Figure 9.2: Process followed to obtain the received power statistics and the commu-
nication performance parameters for LG00 + LG10 with a0 = 0.345, a1 = 0.655,
wz/σ = 4.903, σ = 100 m, Pt = 25 dBm, and the rest of the parameters given in
Table 9.1. a0 and a1 are the contributions of the fundamental and the higher-order
Laguerre-Gaussian modes to the total power, see Eq. (9.12). (a) Far-field irradiance
distribution at the receiver, (b) normalized received power as a function of the pointing
error, (c) probability density function (PDF) of the pointing error, and (d) PDF of
the normalized received power.

Fig. 9.2b)

P = g(x0, y0) = g

(√
x2

0 + y2
0

)
= g(r0), (9.1)
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where r0 is the radial displacement of the center of the beam due to the transmitter
pointing jitter. Finally, to obtain the PDF of the received power, given a PDF of
the radial pointing jitter fR(r0) (see Fig. 9.2c), in general, the expression for a non-
monotonic function g(r0) will be considered. In the Gaussian beam case, the function
g(r0) will be monotonic, and this conversion will be simpler. However, for the far-field
irradiance patterns given by the orthogonally polarized superposition of Laguerre-
Gaussian beams proposed in this chapter, the function g(r0) can be non-monotonic.
To obtain the PDF of a given scalar variable (the received power P ) from the PDF of
another variable (the pointing error r0), given that these variables are interdependent,
the general expression for a non-monotonic g(r0) function is (see Ref. [392], Eq. 7.2-
23)

fP(P ) =
n(P )∑
k=1

∣∣∣∣ ddP g−1
k (P )

∣∣∣∣ · fR
(
g−1
k (P )

)
, (9.2)

where fP(P ) is the PDF of the received power, and n(P ) is the number of intervals
between successive maxima and minima values of the function g(r0). g−1

k (P ) is the
kth inverse function of g(r0) in each of these intervals (see example in Figs. 9.2b and
9.2c, where the index k takes values 1, 2). In the following, different assumptions and
considerations are made, and some analytical approximations are obtained for each of
these.

Gaussian beam
First of all, a Gaussian beam will be considered. Hence, the pattern in the far-field

irradiance will be Gaussian and can be written as

IG(r, z) = I0

(
w0

w(z)

)2
exp

(
− 2r2

w(z)2

)
, w(z) = w0

√
1 +

(
z

zR

)2
, (9.3)

where I0 is the irradiance at the center of the beam, w0 is the beamwaist, r is the
radial coordinate, z is the distance from the beamwaist location along the propagation
axis of the beam, and zR = πw2

0n/λ is the Rayleigh range. The main body of research
done in FSOC has focused on these types of beams for several reasons. First of all,
Gaussian beams can be generated by most of the commercially available laser sources,
as they are the fundamental mode of a laser cavity. Furthermore, the Gaussian beam
is the fundamental beam mode of the single-mode optical fibers that are frequently
used in free-space optical communication terminals, i.e., optical amplification on the
transmitter side [108]. Finally, the irradiance profile of the main lobe of the diffraction
pattern due to the clipping of the transmitter aperture can be fairly approximated to
a Gaussian irradiance profile [393].

Regarding the PDF of the angular pointing jitter, this is usually considered to
be given by a Rayleigh distribution. The Rayleigh distribution is the result of the
combination of independent centered normal PDFs in both elevation and azimuth
angles with the same standard deviations [118]. For the small angle approximation (up
to ∼ 100 mrad), it can be proven that the angular Rayleigh distribution is converted
into a radial Rayleigh distribution of the displacement of the center of the beam r0
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in the receiver’s aperture plane (see App. D). Due to the stochastic nature of the
pointing jitter and its multi-variable origin, the normal PDF in both elevation and
azimuth angles is justified by the central limit theorem. Furthermore, the in-orbit
experimental measurements of the micro-vibrations of different optical and quantum
communication satellites have shown this type of angular pointing jitter PDFs [81, 85,
390]. The Rayleigh PDF of the displacement of the center of the beam, r0, is written
as

fR(r0) = r0

2πσ2 exp
(

− r2
0

2σ2

)
, (9.4)

where σ is the scale parameter and is the same as the standard deviation of the
underlying normal distributions in the x and y axes. The scale parameter is related
to the scale parameter of the angular pointing jitter σθ by σ = σθz, where z is the
distance from the center of the transmitter to the center of the receiver (small angle
approximation).

Considering a Gaussian beam under a pointing jitter given by a Rayleigh distribu-
tion, Eqs. (9.1)-(9.2) can be combined with Eqs. (9.3) and (9.4) to find the following
approximation of the received power [175]

fP(h) = γ2
1

B
γ2

1
0

h γ
2
1 −1, 0 ≤ h ≤ B0, (9.5)

B0 = [erf(vb)]2 , vb =
√
πb√

2wz
, γ1 = weq,1

2σ , w2
eq,1 = w2

z

√
πerf(vb)

2vb exp (−v2
b ) ,

where h = P/Pt is the received power normalized by the transmitted power, b is
the radius of the receiver aperture, and wz = w(z) has been written to simplify the
notation. This approximation is obtained by approximating the circular aperture
(without the secondary mirror obscuration) to a square aperture of the same area and
expanding the integral of the received power in a Taylor series. This approximation
gives a normalized mean squared error smaller than 10−3 for w(z)/b bigger than six
[175]. However, when bigger apertures are needed in the receiver terminal, on-axis
secondary mirrors are usually used for reflective telescopes in satellite communication
terminals [102, 450]. Although off-axis telescope configurations can also be considered,
they have several drawbacks such as more complex alignment or maximum field of
view. Furthermore, due to the higher angles of incidence of the light impinging on
the mirrors in off-axis configurations, the effects on the polarization have to be taken
care of [451]. Therefore, an expression for the PDF of the received power has to be
considered when there is an obscuration due to a secondary mirror. By approximating
the secondary mirror obscuration area by an equivalent squared section with the same
area, a more general approximation can be obtained (see App. D)

fP(h) = γ2
2

Cγ
2
2
h γ

2
2 −1, 0 ≤ h ≤ C, (9.6)

C = B0 −A0, A0 = [erf(va)]2 , va =
√
πa√
2wz

,
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γ2 = weq,2

2σ , w2
eq,2 =

∣∣∣∣A0 −B0

B2 −A2

∣∣∣∣w2
z ,

A2 = − 2√
π

erf(va)
[
va erf(−v2

a)
]
, B2 = − 2√

π
erf(vb)

[
vb erf(−v2

b )
]
,

where B0 and vb are defined in Eq. (9.5). The Rayleigh distribution considered for
characterizing the pointing jitter is a special case of the more general Rice distribu-
tion. The Rice distribution has also been considered to model the pointing jitter when
considering non-zero mean normal distributions in both elevation and azimuth angles
[119]. This non-zero mean is referred to as boresight error in optical communications
and can be due to several factors. For an intersatellite link, it is usually considered
that the pointing jitter has a negligible boresight error because optical axis calibration
of the transmitted beam is carried out periodically [118]. However, wavefront aberra-
tions could induce misalignment between the transmitted beam path and the received
beacon paths, which could cause a systematic bias in pointing jitter [372]. Therefore,
for the sake of completeness, the non-zero boresighted PDF of the pointing jitter, i.e.,
the Rice probability distribution [452], is also considered in this chapter. The Rice
distribution is given by

fR(r0) = r0

σ2 exp
[

−(r2
0 + s2)
2σ2

]
J0

(r0 s

σ2

)
, (9.7)

where σ is the scale parameter, J0 is the zeroth-order modified Bessel function of the
first kind, and s is the boresight error. For a Gaussian beam under a transmitter
pointing jitter characterized by a Rice PDF, the PDF of the power for a circular
aperture can be approximated as [119]

fP(h) =
γ2

1 exp
(

−s2

2σ2

)
B
γ2

1
0

h γ
2
1 −1J0

 s2

σ2

√√√√−weq,1 ln h

B0
2

 , 0 ≤ h ≤ B0, (9.8)

where the terms are defined in Eq. (9.5). Following the same process as for the Rayleigh
distribution, this PDF can be generalized to the case in which there is an obscuration
due to the secondary mirror to

fP(h) =
γ2

2 exp
(

−s2

2σ2

)
Cγ

2
2

h γ
2
2 −1J0

 s2

σ2

√√√√−weq,2 ln h

C
2

 , 0 ≤ h ≤ C, (9.9)

where the terms are defined in Eqs. (9.5) and (9.6). When the aperture of the receiver
is much smaller than the beamwidth w(z) >> b, then it can be shown (see App. D
for the proof) that under a Rayleigh PDF of the transmitter pointing jitter the PDF
of the received power can be modeled as a beta distribution

fP(h′) =
(
πw2

z

2A2

) β−1

β h′ β−1, 0 ≤ h′ ≤ 2A2

πw2
zPt

, (9.10)
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where β = w2
z/(4σ2), A is the area of the receiver aperture, h′ = P/I0,zA and I0,z

is the irradiance at the center of the Gaussian beam in the receiver aperture plane.
In this case, both expressions for the clear aperture telescope and on-axis secondary
mirror configurations will be the same, as only the area of the aperture is involved
and the variation of the irradiance across the aperture of the receiver is completely
neglected.

From the expressions above, it can be seen that the PDF of the received power
can be varied by changing the beamwidth of the Gaussian beam in the receiver aper-
ture plane w(z). This is equivalent to changing the divergence of the Gaussian beam,
and the approach has been thoroughly investigated in the literature [175, 176, 453].
The divergence of the Gaussian beam is adjusted by properly designing the optical
relay on the transmitter side to adjust its underlying beamwaist w0 in Eq. (9.3). Fur-
thermore, dynamic beam divergence adjustment methods have also been proposed to
adjust the divergence [454]. Indeed, an intuitive explanation can be found for the
existence of an optimum beamwidth in the far-field to optimize the power received:
when the beamwidth is very small compared to the aperture of the receiver, it will
be very sensitive to the pointing error, and the signal will be completely lost when
the beam center is slightly displaced. This effect can be compensated by increas-
ing the beamwidth; however, maintaining the transmitted power constant, for large
beamwidths, the power collected by the receiver aperture will be very low. Hence, an
optimum point will exist somewhere in between these two extremes given a pointing
jitter and a receiver aperture. The optimum received power PDF for communication
performance will be discussed in the next section.

Orthogonally polarized Laguerre-Gaussian beams
In this chapter, the use of higher-order Laguerre-Gaussian beams is proposed to

change the far-field irradiance distribution. This new degree of freedom (added to
the far-field beamwidth) will allow us to further change the received power PDF to
increase the performance of intersatellite communication links. The far-field irradiance
distribution obtained when non-interfering higher-order Laguerre-Gaussian modes are
considered is (a way of achieving the non-interference condition is presented in §9.3)

I(r, z) = 1
2η0

∑
ℓ

(
aℓ |Uℓp(r, ϕ, z)|2

)
, (9.11)

where η0 = 377 Ω is the wave impedance of free-space, aℓ are the weighting coefficients
for each azimuthal mode superposed, and Uℓp is the complex electromagnetic field of
the Laguerre-Gaussian mode with radial index p ≥ 0 and azimuthal index ℓ. When
the radial index is set to p = 0, and only the fundamental Gaussian mode and a
higher-order Laguerre-Gaussian mode are considered (as will be done in this chapter),
the far-field irradiance expression above simplifies to

I(r, z) = 1
2η0

(
a0 |U00(r, ϕ, z)|2 + aℓ |Uℓ0(r, ϕ, z)|2

)
, (9.12)

where ℓ is the azimuthal order of the higher-order Laguerre-Gaussian mode considered.
Considering the a0 + aℓ = 1, the final irradiance field is normalized to the power unit.
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The complex electromagnetic field for each Laguerre-Gaussian mode is given by

Uℓp(r, ϕ, z) = Cℓp
1
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where
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(zR
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)2
]
, (9.14)

ψ(z) = (|ℓ| + 2p+ 1) arctan
(
z

zR

)
, (9.15)

Cℓp =
√

2p!
π(p+ |ℓ|)! , (9.16)

ψ(z) being the Gouy phase, Cℓp a normalization constant and L
|ℓ|
p the generalized

Laguerre polynomials. The Laguerre-Gaussian modes are the solution to the scalar
paraxial Helmholtz equation in polar coordinates [437]. The complex scalar field
of these beams generates an orthonormal basis. Furthermore, these beams have an
orbital momentum of light associated with the azimuthal order ℓ. The orbital angular
momentum of light has been widely investigated to increase the capacity of free-
space optical communication links by mode division multiplexing [67, 455–457]. The
application of this division multiplexing technique is limited to short-range free-space
optical links because the beam has to be fully contained within the aperture of the
receiver to demultiplex the signal [458, 459]. However, the scope of this chapter is to
use higher-order Laguerre-Gaussian modes along with the fundamental Gaussian beam
to change the irradiance distribution on the far-field for intersatellite free-space optical
communications. Laguerre-Gaussian beams have been considered to solve the problem
because of their symmetry around the optical axis in their irradiance fields. As it has
been mentioned before, the pointing jitter in free-space optical communications is
symmetric to the optical axis, and hence the solution to it will also keep this property.
As will be shown in §11, the far-field irradiance obtained through the orthogonally
polarized superposition of Gaussian and Laguerre–Gaussian beams aligns with the
rationale of redistributing the irradiance toward a more uniform far-field pattern.
Furthermore, Laguerre-Gaussian beams have already been used for other applications
in free-space optical communications, such as multiplexing and noise mitigation [460],
and their behavior under atmospheric turbulence has also been investigated [461].
Hence, the research presented in this chapter can be expanded to FSOC links through
atmospheric turbulence (the irradiance fields on the receiver aperture would need to
be computed to account for the speckle patterns generated during the propagation
through turbulence). As it will be explained later, the generation of these beams can
be accomplished with a simple optical setup and, therefore, implemented on satellite
optical communication terminals.

Other types of beams have also been proposed for their application in FSOC links,
such as Airy beams [462, 463], Bessel beams [464–466], bottle vortex beams [467]



172 9. Orthogonal superposition of Laguerre-Gaussian beams

Figure 9.3: Laguerre-Gaussian modes of order ℓ = 0,+1,+2,+3 and radial order
p = 0. The first row represents irradiance and phase, the second row represents the
irradiance field, and the third row represents the phase field.

and Hermite-Gaussian beams [468, 469]. However, the use of these types of beams
has been limited to (1) increasing the capacity of the channel through multiplexing,
(2) avoiding obstructions in the link, and (3) mitigating the atmospheric turbulence
effects. By contrast, this chapter proposes combining higher-order Laguerre–Gaussian
beams to mitigate the detrimental impact of transmitter pointing error by tailoring
the far-field irradiance distribution in the receiver’s aperture plane.

Some Laguerre-Gaussian modes are presented in Fig. 9.3. In this figure, only the
radial order p = 0 is presented, as it is the one that will be proposed to obtain the
far-field irradiance distributions of interest. Other radial orders could be considered;
however, given the nature of the PDF of the pointing jitter, the various null rings in
between bright irradiance rings of higher-order modes will not, in principle, be that
interesting. Furthermore, the higher the radial mode, the higher the beam divergence,
and this could limit their application to the problem at hand [470, 471].

As it has been explained above, under the stochastic behavior of the pointing jitter,
the power received in the optical communication terminal will be characterized by the
PDF of the power. The analytical approximation obtained for the Gaussian beam
for different scenarios can not be in general expanded to the combination of various
orthogonally polarized Laguerre-Gaussian modes. Hence, to obtain the PDF of the
power received when far-field irradiance fields described by Eq. (9.12) are used, the
power as a function of the radial displacement of the center can be obtained with
Eq. (9.1). It is important to emphasize that on the receiver side, no polarization or
OAM division is performed on the resulting beam, coupling the power captured by the
receiver’s aperture to the detector. Then, numerically evaluating Eq. (9.2), the PDF
of the power can be obtained for Rayleigh and Rice distributions with Eqs. (9.4) and
(9.7), respectively (see App. D for more details).
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9.2.2. Communication performance

The general stochastic communication model for intersatellite optical links under
pointing jitter has already been developed in §6.2.5. In particular, it established
how the received power PDF, resulting from the far-field irradiance distribution and
the pointing error statistics, enables the computation of relevant performance metrics.
In this chapter, we restrict the analysis to two key performance parameters: the av-
erage bit error probability (ABEP) and the probability of outage. The slow temporal
dynamics of transmitter pointing jitter, whose spectral content lies in the kHz range
compared to the MHz–GHz modulation frequencies typical of intersatellite links, jus-
tify the use of a slow-fading channel model. Under this assumption, many consecutive
bits experience the same pointing-induced attenuation, and both ABEP and outage
probability can be directly obtained from the received power PDF.

Specifically, for an on-off keying intensity modulation direct detection (OOK IM/DD)
intersatellite link, the ABEP is computed by averaging the instantaneous bit error
probability over the normalized received power PDF, while the outage probability is
defined as the probability that the instantaneous channel capacity falls below a target
transmission rate. The corresponding expressions for both quantities can be found
in (6.16) and (6.18). Hence, combining the received power PDF derived in §9.2.1
with the ABEP and outage probability, the communication performance of any far-
field irradiance distribution under transmitter pointing jitter can be systematically
evaluated.

9.3. Optical system design
In the previous section, the mathematical models to compute the ABEP and outage
probability for a given far-field irradiance distribution and a pointing jitter PDF have
been presented. Our goal is to find an optimum far-field irradiance distribution that
maximizes the communication performance of an intersatellite link by minimizing
either of these communication performance parameters. In this section, an optical
setup that can generate these types of far-field distributions using linearly orthogonally
polarized Laguerre-Gaussian beams is presented.

However, when finding an optimum far-field irradiance distribution to minimize
either the ABEP or the outage probability in an intersatellite communication link,
there are physical limitations that must be taken into account. The problem of finding
the far-field irradiance distribution that gives the minimum ABEP or the minimum
Pout is highly degenerate (meaning that it has many solutions) if the limits imposed
by physics are not considered. This means that there can be many far-field irradiance
distributions that yield the same ABEP or outage probability. This can be understood
directly in the Pout case: two far-field irradiance distributions that yield the same
cumulative density function of the power for the value h0 given by Eq. (6.18) (see
Fig. 9.2d), will give the same Pout. Therefore, the mathematical problem of finding
the optimum far-field without considering any more restrictions is out of the scope of
this chapter. However, there are certain limits when we consider the physics of wave
propagation and the stable far-field electromagnetic fields allowed by this. Indeed, we
are looking for a solution that has the following main characteristics:
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1. It has to be a stable far-field solution. Stable here means that the far-field irra-
diance has to change smoothly with distance from the transmitter. For example,
top-hat beams that have been considered in other applications [472], i.e., laser
welding, are not stable solutions as they will rapidly decay in all kinds of patterns
that are different from the top-hat out of the focal region.

2. It has to be simple to generate. To assure a reasonable practical implementation
of such a far-field distribution, there should be a simple optical system that can
be put on board a satellite terminal. Indeed, the simplicity will favor lower
losses in the transmitter. If the complexity of the system to generate such far-
field irradiance distribution is too high, and it involves many optical components,
the losses incurred in this system would need to be more than compensated by
the resulting far-field distribution gains.

The use of pure or approximate Gaussian beams in free-space optical communica-
tions has been thoroughly investigated in previous works [52, 393, 422, 473]. So far,
only the adjustment of the divergence of the Gaussian beam has been proposed to mit-
igate the effects under a given transmitter pointing jitter [118, 154, 175, 176]. In this
chapter, the use of superposed orthogonally polarized higher-order Laguerre-Gaussian
beams is investigated to generate a better far-field distribution than in the fundamen-
tal Gaussian beam case. These beams will comply with the two requirements imposed
above as it will be explained in detail in this section.

To generate a far-field irradiance profile that is given by a superposition of the
irradiance fields of two Laguerre-Gaussian modes, the two modes involved should not
interfere (see Eq. (9.12)). In this chapter, the latter is attained by using orthogo-
nal polarization states for each of the beams. Fig. 9.4 shows an optical setup that
combines two orthogonally polarized beams to generate different far-field irradiance
distributions. The linearly polarized Gaussian fundamental beam from the laser source
is collimated by the collimating lens. The rotatable half-wave plate (RHWP) can be
used to determine the direction of the linear polarization for the fundamental Gaussian
beam entering the polarization beam splitter. On the one hand, if the polarization
state after the RHWP is vertical, then the beam will be reflected in the polarization
beam splitter (PBS) and will travel to the mirror M1. On the other hand, when the
outgoing beam from the RHWP is horizontally polarized, the beam will go straight
through the PBS and reach mirror M2. For intermediate polarization states, the beam
will be split in the PBS. Therefore, by rotating the fast axis of the RHWP we can
adjust the amount of energy that travels through each of the paths.

The fundamental Gaussian beam traveling to mirror M1 is transmitted through
the spiral phase plate (SPP), which imparts a helical phase profile onto the wavefront
and thereby transforms the beam into a higher-order beam carrying orbital angular
momentum. A SPP is a plate with a helical surface that introduces a corresponding
spatially varying phase delay across the beam aperture [474–479] (see upper left side
in Fig. 9.4). The SPP is used here to generate the higher-order beam due to its
polarization-maintaining property [480]. The helical surface of the SPP is designed
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Figure 9.4: Optical setup to generate the far-field irradiance distributions of interest.
Collimating lens (CL), rotatable half-wave plate (RHWP), polarization beam splitter
(PBS), mirror 1 (M1), mirror 2 (M2), spiral phase plate (SPP), polarization beam
combiner (PBC). In the upper left corner, an SPP is illustrated out of scale. α = a0
and β = aℓ in Eq. (9.12).

such that the total height jump sSPP is given by

sSPP = λ ℓ

nSPP − 1 , (9.17)

where λ is the wavelength, ℓ is the azimuthal order associated with the imposed orbital
angular momentum, and nSPP is the refractive index of the SPP material.

Strictly speaking, a fundamental Gaussian beam impinging on a spiral phase plate
does not generate an exact Laguerre–Gaussian mode. Instead, it produces an annular
beam carrying orbital angular momentum whose field distribution closely approxi-
mates that of the corresponding Laguerre–Gaussian mode with the same topological
order ℓ. An analytical and numerical demonstration of this approximation, and of the
resulting modal content of the generated beam, is presented in §10. Nevertheless, for
the remainder of this chapter, these generated higher-order beams are modeled as ideal
Laguerre–Gaussian modes, since this approximation captures the relevant far-field ir-
radiance features that govern the pointing-jitter sensitivity and link performance.

Later in the optical relay, the horizontally polarized fundamental Gaussian beam
is reflected on mirror M2 and combined with the higher-order, vertically polarized
beam in the final polarization beam combiner. The resulting composite beam is then
directed to the telescope of the transmitter terminal and sent toward the receiver. In
this setup, the modulation of the laser beam is not explicitly included. For this chapter,
it is assumed that the laser has already been intensity-modulated for communication
purposes before entering the proposed optical arrangement.

The proposed optical system and the resulting communication channel have sev-
eral limitations when it comes to the detection system, multiplexing techniques, and
modulation techniques that can be used. Due to the use of two orthogonally polarized
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states, the resulting far-field will have a non-uniform linear polarization. Due to these
spatial position-dependent polarization states, the use of coherent detection is not
trivial for the proposed system. Indeed, coherent detection systems use the interfer-
ence between the incoming light and a local oscillator onboard the receiver. To create
this interference, the polarization state of these two beams has to be the same. As
the polarization of the incoming beam to the receiver has both horizontally polarized
and vertically polarized components that are dependent on the position, with differ-
ent pointing errors of the transmitter, we will obtain different incoming polarization
states (see ellipses in Figs. 9.4, 9.12 and 9.13). A way to partially compensate for
these changes would be a polarization state locker that changes to ensure that the
polarization of the local oscillator and the incoming beam remains the same [481].
However, this is out of the scope of this thesis and has to be further investigated. On
the other hand, a direct detection system will detect the incoming beam power directly
without caring for the polarization state of the beam; hence, the proposed system is
fully compatible with this kind of detection system.

Concerning the multiplexing and modulation techniques, polarization multiplexing
and polarization modulation can not be used because this property of light is already
being exploited to combine without interference the fundamental Gaussian and the
higher-order Laguerre-Gaussian beams. Furthermore, spatial division multiplexing or
modulation using Laguerre-Gaussian modes can not be used for the same reason. This
limitation is not especially relevant for long-range communication links, as spatial di-
vision multiplexing or modulation requires that a significant portion of the beamwidth
is captured by the receiver aperture [156]. Even for small transmitter pointing jitters,
the displacement of the transmitted beam from the receiver optical axis in the far-field
will be too high for capturing a significant section of the space division multiplexed
beam.

In Fig. 9.5, a simulation using Jones calculus and Fourier propagation with gold-
protected mirrors at 1550 nm wavelength is presented for the optical setup proposed
in this chapter. In this graph, the variation of the power directed through each of
the optical branches in the setup (each with either s-polarization or p-polarization)
is shown. The losses due to the imperfections of the other elements have not been
considered, e.g., the transmission losses and crosstalk in the PBS. It can be seen that
the fraction of power directed through each of the branches, and therefore contributing
to either the fundamental Gaussian mode or the higher-order Laguerre Gaussian mode,
is dependent on the direction of the RHWP’s fast axis ψ. The fraction of power P/Ptot
for LG00|H⟩ and LGℓ0|V ⟩ plotted in Fig. 9.5, corresponds to the weights a0 and aℓ in
Eq. (9.12). Therefore, the optical system proposed in Fig. 9.4 allows us to tune the
far-field irradiance as aimed.

As explained above, this chapter proposes two orthogonally polarized states to
avoid a variation of the irradiance due to interference between the fundamental and
the higher-order Gaussian beams. However, other properties of light can be exploited
for the purpose of non-interference. Indeed, two sufficiently separated wavelengths
coming from different sources could be used. Analogous to what is proposed with two
orthogonally polarized states in Fig. 9.4, each of the different beams with respective
wavelengths would travel different paths, giving rise to a multispectral far-field. How-
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Figure 9.5: Variation of the power going through the two branches of the optical setup
shown in Fig. 9.4, as a function of the RHWP fast axis angle w.r.t. the vertical axis, ψ.
The light incoming to the RHWP is considered to be vertically polarized (see Fig. 9.4).
The complex index of refraction of the gold-protected mirrors is n = 0.56 + 9.81i and
the simulated wavelength is λ = 1550 nm.

ever, there would be several drawbacks related to this kind of setup. Firstly, several
laser sources would need to be used and modulated simultaneously. Furthermore,
different wavelengths are usually used to separate the different lasers (receiving the
beacon, calibration laser, and transmitted beacon) traveling through the terminal or
to increase the capacity of the channel through wavelength division multiplexing [55,
455].

Furthermore, other devices aside from the SPP depicted in Fig. 9.4 can be used to
generate a higher-order Laguerre-Gaussian beam. Several ways have been proposed
to generate these types of beams, including the use of spatial light modulators, mi-
cromirror arrays, metalenses, and vortex phase plates [482]. The main reasons to use
a SPP have been its polarization-maintaining properties and its simplicity and easier
implementation for space terminals. Vortex phase plates generate spatially dependent
polarization states of the output higher-order beam, and hence this beam would in-
terfere with the fundamental Gaussian beam traveling through the other path. The
authors are currently considering metalenses as a potential device to compactly gen-
erate the far-field irradiance patterns of interest.

9.4. Numerical results
The optical design presented in §9.3 can be used to generate the far-field irradiance
pattern given by a superposition of the fundamental and a higher-order Laguerre-
Gaussian mode. Using different SPPs, the azimuthal order ℓ of the higher-order
Laguerre-Gaussian mode can be adjusted. In this chapter the results for the combina-
tions LG00 + LG10, LG00 + LG20, LG00 + LG30 and LG00 + LG40 will be investigated
and compared to the fundamental Gaussian beam LG00. With the mathematical
model presented in §9.2, the results obtained for the communication performance pa-
rameters are presented in this section. To illustrate the intermediate results obtained
through the different steps of the model, the reader is referred back to Fig. 9.2, which
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illustrates the power statistics and the communication performance obtained for a cer-
tain set of parameters for the case LG00 + LG10. First of all, the far-field irradiance
distribution is obtained given the coefficients ai corresponding to each of the Laguerre-
Gaussian modes (see Eq. (9.12)) and the beamwidth in the receiver aperture plane
wz (Fig. 9.2a). Then, the normalized received power, h, as a function of the pointing
error can be computed using the convolution theorem in Eq. (6.12). This is done by
computing a bidimensional Fast Fourier Transform. Finally, combining the latter with
the PDF of the pointing jitter (Fig. 9.2c), the PDF of the normalized received power,
h, is obtained (Fig. 9.2d) using Eq. (9.2)). With this PDF, the ABEP and outage
probability can be computed to evaluate the communication performance. Depending
on the receiver telescope design (with on-axis secondary mirror or clear aperture) and
the pointing jitter statistics (Rayleigh distribution for non-boresight pointing error and
Rice distribution for boresighted pointing error), the respective analytical approxima-
tions presented in §9.2.1 can be used to compute the PDF of the received power for
the fundamental Gaussian beam case. For the far-field irradiance pattern given by
the superposition of the fundamental and the higher-order Laguerre-Gaussian beam,
numerical evaluation is required as illustrated in Fig. 9.2.

Parameter Symbol Value Remarks
Noise standard deviation σ2

n = N0R0/Rload 4.7 × 10−9 A [175]
Noise power spectral density N0 −174 dBm/Hz [154]

Receiver load resistance Rload 179700 Ω [176]
Receiver aperture diameter 2b 20 cm

Pointing jitter standard deviation σ 10, 100, 1000 m
Carrier wavelength λ 1550 nm

Responsivity R = eη/hν 0.8153 A/W [154]
Data rate R0 1 Gbps

Rate D0 0.5 bits/channel use
Average Transmitter power Pt ∈ (0, 50) dBm

Table 9.1: Parameters used for the numerical simulations.

In an intersatellite link, the distances can vary from the order of hundreds of
kilometers for LEO optical links to astronomical distances for deep space optical com-
munications. Furthermore, the transmitter angular pointing jitter, σθ, can also vary
from sub-microradian [81] to tens of milliradians. In this chapter, several resulting
far-field pointing jitter values are analyzed (see Table 9.1). The respective relations
between the link distance z and the angular pointing jitter σθ can be seen in Fig. 9.6
for several values of the far-field pointing jitter σ considered in this chapter.

The parameters used for the simulations have been obtained from the literature
and are presented in Table 9.1. In Fig. 9.7, the values of the ABEP and the outage
probability obtained for the optimum combination of LG00 and LG10 beams can be
seen, along with the extreme values obtained using pure LG00 (a0 = 1) and LG10
(a0 = 0) beams. In these figures, the values for the optimum far-field distribution
have been plotted for the respective communication performance parameters. It can
be seen that a combination of the fundamental and higher-order Laguerre-Gaussian
beams proposed by the authors yields a better performance of the system compared
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Figure 9.6: Relation between the standard deviation of the angular pointing jitter σθ
and the link distance z for several far-field pointing jitter values σ.

to the fundamental Gaussian beam, as both the ABEP and the outage probability can
be further minimized by using the proposed beams. Furthermore, it can also be seen
that the far-field irradiance distribution required to obtain an optimum performance in
ABEP is different from the one giving the optimal performance in outage probability.
This behavior can also be seen in Fig. 9.8, where the change as a function of both
the beamwidth wz and the contribution of the fundamental LG00 Gaussian beam a0
is presented, along with the locations of the minima. The same results are plotted in
Figs. 9.9, 9.10 and 9.11, when using a combination of the LG00 + LG20, LG00 + LG30
and LG00 + LG40 beams, respectively. From these figures, it can be seen that any of
the beams proposed present an improvement with respect to the performance obtained
for the fundamental Gaussian beam.

This performance improvement provided by the proposed beams is obtained through
the following mechanism: as the transmitter pointing changes, the section of the far-
field irradiance that is captured by the receiver aperture changes. The stochastic
behavior of the value of h due to these dynamics is captured in the PDF of the nor-
malized received optical power h. Hence, the PDF of h is determined by the far-field
irradiance shape as well as the PDF of the pointing jitter. Therefore, by changing
the far-field irradiance through a superposition of orthogonally polarized Laguerre-
Gaussian beams, the PDF of h can be changed. This changes the PDF of the SNR,
which finally changes the values of ABEP and outage probability (Eqs. (6.16) and
(6.18)).

The optimum far-field irradiance patterns for obtaining the minimum ABEP are
shown in Fig. 9.12. Each of these far-field irradiance distributions is the one given by
the white circle on the left figures of Figs. 9.8-9.11. The resulting polarization ellipse
of the field in each point is plotted in these figures, as it would be created from the
optical setup presented in §9.3. These polarization ellipses are obtained by computing
the contribution to the total irradiance by each of the modes at each point on the
receiver aperture plane (see Eq. (9.12)). Analogously, the optimum far-field irradiance
patterns for obtaining the minimum outage probability are shown in Fig. 9.13 (which
correspond to the white circles on the right figures of Figs. 9.8-9.11). Several features
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Figure 9.7: ABEP and outage probability values for σ = 100 m and Pt = 29 dBm, for
different combinations of LG00 and LG10 modes as a function of wz. a0 = 0.241 and
a0 = 0.379 give the minimum outage probability and ABEP, respectively.

5 10
wz/σ

0.0

0.2

0.4

0.6

0.8

1.0

a
0

Min. (wz/σ = 4.771, a0 = 0.379)

5 10
wz/σ

0.0

0.2

0.4

0.6

0.8

1.0

a
0

Min. (wz/σ = 7.975, a0 = 0.241)

10−7

10−5

10−3

10−1

A
B

E
P

10−11

10−8

10−5

10−2

P
ou

t
Figure 9.8: ABEP and outage probability values for σ = 100 m and Pt = 29 dBm, for
LG00 and LG10 modes as a function of a0 and wz.

can be extracted from these figures

1. The optimum far-field irradiance for minimizing ABEP concentrates the power
more towards the center receiver optical axis, than the optimum irradiance min-
imizing for outage probability. This feature can be seen in Figs. 9.12 and 9.13.
This is true even for the fundamental Gaussian beam LG00 (see minima of the
red curves in Fig. 9.7).

2. The higher the order of the Laguerre-Gaussian beam considered, the lower the
beamwidth wz that results in the optimum far-field irradiance for both ABEP
and outage probability (see Figs. 9.8-9.11).

3. In the analyzed figures, it can be seen that the minima given by the superpo-
sition of orthogonally polarized Laguerre-Gaussian beams are more pronounced
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Figure 9.9: ABEP and outage probability values for σ = 100 m and Pt = 29 dBm, for
different combinations of LG00 and LG20 modes as a function of wz.
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Figure 9.10: ABEP and outage probability values for σ = 100 m and Pt = 29 dBm,
for different combinations of LG00 and LG30 modes as a function of wz.
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Figure 9.11: ABEP and outage probability values for σ = 100 m and Pt = 29 dBm,
for different combinations of LG00 and LG40 modes as a function of wz.
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Figure 9.12: Far-field irradiance distributions yielding the optimum ABEP. Each fig-
ure shows the far-field distribution for the corresponding combination of Laguerre-
Gaussian beams, for σ = 100 m and Pt = 29 dBm. The dashed red line shows the
magnitude of the pointing jitter scale factor σ. The lines represent the resulting polar-
ization ellipses of the electric field, where the size of the ellipse is proportional to the
irradiance at each point. x and y axis are the same for all figures.

than the ones given by the fundamental Gaussian beam (see Figs. 9.7-9.11). In
practice, a system operating in one of these minima would have a more sensi-
tive behavior under changes in the beamwidth wz, compared to the fundamen-
tal Gaussian beam. This sensitivity is even more pronounced for the outage
probability, when operating in the optimum far-field outage probability (see for
example, the minimum of the green curve in the right figure of Fig. 9.7).

4. Spatially varying polarization states in free-space propagating vortex beams, as
shown in the figures, are linked to an underlying topological property, which
can be characterized by a Skyrmionic number. Beams exhibiting this feature
–referred to as paraxial Skyrmionic beams– have been previously proposed [483,
484], where their topological nature is quantified through the spatial distribution
of the polarization Stokes vector. For the specific case of the beams LG00 +LGℓ0
shown in Figs. 9.12-9.13, the Skyrmionic number can be readily shown to be
equal to ℓ, as demonstrated in [484]. Although these topological properties are
noteworthy, they arise here as a byproduct rather than the fundamental mech-
anism behind the performance improvements discussed in this chapter. In par-
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Figure 9.13: Far-field irradiance distributions yielding the optimum Pout. Each fig-
ure shows the far-field distribution for the corresponding combination of Laguerre-
Gaussian beams, for σ = 100 m and Pt = 29 dBm. The dashed red line shows the
magnitude of the pointing jitter scale factor σ. The lines represent the resulting polar-
ization ellipses of the electric field, where the size of the ellipse is proportional to the
irradiance at each point. x and y axes are the same for all figures.

ticular, the spatially varying polarization state –responsible for the Skyrmionic
characteristics– is not desirable in intersatellite optical communication, as it ren-
ders the polarization degree of freedom unsuitable for other applications, such
as multiplexing. Hence, the topological aspects of the obtained beams (both in
this and the next chapters) will not be discussed in this work.

To evaluate how much the proposed beams can drive the design of future inter-
satellite optical terminals, Figs. 9.14-9.16 show the minimum ABEP and outage prob-
abilities achievable for different transmitter power values using the beams proposed
in this chapter. Each of the points plotted in these figures refers to the minimum
ABEP (or outage probability) that can be obtained by combining orthogonally po-
larized higher-order Laguerre-Gaussian beams. It can be seen that the power needed
to obtain the same ABEP (or outage probability), is lower for orthogonally polarized
Laguerre-Gaussian beams than for fundamental Gaussian beams. Furthermore, this
trend is confirmed for different magnitudes of the pointing jitter. For σ = 100 m (see
Fig. 9.15), it can also be seen that up to order ℓ = 2, the higher the azimuthal order of
the Laguerre-Gaussian beam, the better the achievable ABEP. However, for ℓ > 2, the
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minimum achievable ABEP starts to increase. Similar behavior can be seen for the
outage probability when higher than ℓ = 3 Laguerre-Gaussian beams are considered.
It is the authors’ opinion that this turning point in performance is due to the increased
separation between the central irradiance lobe of the Gaussian fundamental beam and
the radial lobe of the higher-order Laguerre-Gaussian beam, as the order of the lat-
ter is increased. The radial lobe of low irradiance as the order increases (see bottom
figures in Fig. 9.12 and 9.13) is frequently captured by the receiver aperture in this
case, as the pointing jitter is a bivariate Gaussian distribution in the receiver aperture
plane. The trend of higher achievable performance with higher azimuthal order ℓ is
also limited in practice by the transmitter aperture size. For a given communication
distance z, the achievable far-field beamwidth wz is limited by the aperture size of the
transmitter. Considering that the transmitted beamwaist w0 of the beam is located
in the aperture plane of the transmitter aperture, the size of the beamwidth in the
receiver’s aperture plane, wz, is limited by the clipping created in the transmitter’s
aperture (i.e., the transmitter’s aperture size).

In the analysis presented so far, a pointing jitter given by a Rayleigh distribution
and a clear receiver aperture has been considered. On one side, many FSOC inter-
satellite telescopes have an on-axis secondary mirror [102, 450]. The obscuration of
the secondary mirror would change the received power statistics, and therefore, a dif-
ference in the results would be expected. However, as the resulting optimum far-field
irradiance patterns are in general orders of magnitude above the aperture size (see
Figs. 9.12 and 9.13, where the aperture is too small to discern it), the results would
be mainly dependent on the total area of the receiver aperture. Hence, the results
shown are also representative of a secondary obscured mirror on the receiver side with
an equivalent total aperture area. On the other side, in some links, the pointing jitter
will have a static boresight error that will yield a pointing jitter given by a Rice PDF
(see Eq. (9.7)). In this case, if we were to compute the optimum far-field irradiance
distributions, a widening of the distribution would be expected. However, if the bore-
sight error is known, the system will usually be calibrated to account for it and the
optimization problem will be again one given by the Rayleigh PDF for the pointing
jitter.
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Figure 9.14: Optimum ABEP and outage probability as a function of the transmitter
power Pt, for σ = 10 m.
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Figure 9.15: Optimum ABEP and outage probability as a function of the transmitter
power Pt, for σ = 100 m.
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Figure 9.16: Optimum ABEP and outage probability as a function of the transmitter
power Pt, for σ = 1000 m.

To quantify the improvement provided by the proposed beams in an intersatellite
link scenario, the reduction in the required transmitted power can be analyzed for
a 1000km LEO-LEO link. Considering an angular pointing error of σθ = 100 µrad,
the resulting far-field pointing jitter is σ = 100 m. From Fig. 9.15 it can be seen
that the same ABEP ≈ 10−6 can be obtained by using LG00 + LG20 with ∼ 20%
less transmitted power, compared to the conventional fundamental Gaussian beam.
Similarly, it can be seen in the same figure that a reduction of ∼ 40% required power
can be achieved for LG00 + LG30 when a Pout ≈ 10−11 is required. For a LEO-GEO
link of 45000 km, with the same angular pointing jitter, a far-field pointing jitter of
σ = 450 m would be obtained. As the link is operating somewhere between σ = 100
m and σ = 1000 m, and the power savings in both are comparable according to
Figs. 9.15 and 9.16, power savings of the same magnitude would be expected. In
summary, these results show that a considerable improvement in intersatellite free-
space optical communication performance can be obtained by using a superposition
of orthogonally polarized fundamental and higher-order Laguerre-Gaussian beams.
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9.5. Conclusions and future work
In this chapter, a superposition of orthogonally polarized fundamental Gaussian and
higher-order Laguerre Gaussian beams is proposed to improve the performance of in-
tersatellite free-space optical communication links. An optical system to generate the
far-field irradiance distributions of interest is presented showing the practical feasibil-
ity of generating such far-field irradiance distributions (an experimental demonstration
of this setup is presented in §10). Finally, numerical results are presented, showing
transmitted power savings of 20–40%, depending on the chosen performance parame-
ter, while achieving the same communication performance as conventional fundamental
Gaussian beams.

Several aspects related to the research presented here deserve further investiga-
tion. One important direction concerns the influence of atmospheric turbulence on
the quality and robustness of the proposed beam shapes, in particular their applica-
bility to satellite-to-ground and terrestrial optical links. Another relevant topic is the
practical generation of the desired far-field irradiance distributions in a more compact
and integrated form, for instance through the use of metalenses or other flat-optics
technologies. Beyond Laguerre–Gaussian modes, it would also be of interest to ex-
plore combinations of alternative beam families that may offer improved resilience to
pointing jitter, which will be pursued in §11.



Chapter 10

Experimental demonstration of
annular beams

Demonstrating pointing jitter resilient beam shapes
for intersatellite optical communications

Only from the tension that arises out
of the interplay between the fullness of facts

and the possibly suitable mathematical forms
can decisive advances come.

Werner Heisenberg

In the previous chapter, a beam-shaping approach was proposed to mitigate the impact
of transmitter pointing jitter in intersatellite free-space optical communication links
by redistributing the transmitted power over a broader spatial profile. The concept was
shown, under idealized assumptions, to provide significant robustness against pointing-
induced power fluctuations compared to a conventional Gaussian beam. In this work,
we present the first experimental characterization of this approach using a spiral phase
plate (SPP) to generate annular beams as a practical approximation of higher-order
Laguerre-Gaussian modes. We demonstrate that the proposed beam superpositions can
be reliably generated in a realistic optical setup, quantify the associated shaping errors
and optical losses, and evaluate their impact on intersatellite link performance. Despite
nonideal beam profiles and implementation losses, the experimental results show that
the proposed beam-shaping approach can still yield power savings on the order of 20%
compared to a fundamental Gaussian beam.

The content of this chapter is based on the preprint available in Ref. [485] Badás M. et al. "Annular
beams for reliable intersatellite optical communications," Optics Letters 51, Issue 14, (2026).
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10.1. Introduction
In §9, we introduced a novel approach to mitigate pointing-jitter-induced performance
degradation in intersatellite optical communication links. Building on the optimiza-
tion of beam divergence proposed by Toyoshima et al. [118], we extended the concept
beyond fundamental Gaussian beams by considering alternative beam shapes obtained
through the superposition of Gaussian and higher-order modes. Under idealized as-
sumptions, this approach was shown to significantly improve link robustness against
residual pointing jitter, yielding power savings on the order of 20 to 40 %.

As it will be presented in this chapter, the generated annular beams –created by
impinging a Gaussian beam onto a spiral phase plate (SPP)– do not exactly correspond
to Laguerre-Gaussian (LG) beams. Although both beams are annular in irradiance
and carry orbital angular momentum, the SPP generated beam is a superposition of
Laguerre-Gaussian modes, being the main contributor the Laguerre-Gaussian mode
of the same topological order ℓ as the SPP. However, the performance gain provided
by these beams relies on the same principle. The performance gain relies on redis-
tributing the total transmitted power over a broader spatial profile, thereby reducing
the sensitivity of the received signal to pointing-induced power fluctuations. In this
way, the system deliberately sacrifices peak received power in favor of a more stable
and reliable signal, which ultimately improves link-level performance metrics such as
outage probability and average bit error probability under pointing jitter.

In this chapter, we present the first experimental demonstration of the proposed
concept. The aim of this work is to characterize the practical implementation of the
system, with particular emphasis on the beam shaping performance of the SPP used to
generate annular beams and on the power losses introduced by a realistic optical setup.
This chapter is structured as follows. §10.2 describes the experimental setup and the
beam shaping principle. §10.3 presents the experimental results, including beam shape
quality and power losses. §10.4 evaluates the impact of the experimentally obtained
beams on the performance of an intersatellite FSOC link.

10.2. Experimental setup
To generate a superposition of orthogonally polarized Gaussian and higher-order an-
nular beams, the experimental setup shown in Fig. 10.1 is employed at a wavelength
of 532 nm. Minor modifications with respect to the setup proposed in Fig. 9.2 were
implemented, the most important being the addition of a wavefront-cleaning stage
based on a single-mode fiber. This stage ensures a high-quality Gaussian beam at the
input of the beam shaping section. As shown in App. E.1, the SPP used to generate
the annular beam is highly sensitive to the quality of the incident Gaussian beam. In a
realistic FSOC terminal, such an additional wavefront-cleaning stage would typically
not be required, since most FSOC sources are already fiber-coupled, for instance due
to the use of fiber-based modulators and erbium-doped fiber amplifiers [108, 486, 487].

After the wavefront-cleaning stage, the Gaussian beam from the fiber collimator
passes through a periscopic pair of mirrors. The beam is linearly polarized, and its
polarization orientation is adjusted using a rotatable half-wave plate (RHWP). By
changing the angle between the incoming polarization and the fast axis of the RHWP,
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the polarization state incident on the polarization beam splitter (PBS) is controlled.
This, in turn, determines how the optical power is split between the two arms of the
setup. The horizontally polarized Gaussian beam –transmitted by the PBS– then
passes through the SPP. The fused silica SPP is a diffractive optical element that
imposes a helicoidal phase profile on the incoming Gaussian beam. After sufficient
propagation distance, this phase modulation leads to the formation of an annular
beam shape [474, 488].

Although other techniques exist to generate annular beam shapes, such as spatial
light modulators or birefringent vortex plates [65], these approaches often introduce
additional complexity, dynamic behavior, or higher losses, which are undesirable for
FSOC applications. The SPPs used in this work generate annular beams of topological
orders ℓ = 1, 2, 3, which are the most relevant modes for pointing-jitter mitigation
according to §9.

Figure 10.1: Experimental setup proposed for beam shaping. The Gaussian beam clean-
ing stage and the beam shaping stage are shown. A picture of the experimental setup
in the laboratory can be found in Fig. E.18.

The vertical polarization component reflected by the PBS bypasses the SPP and is
subsequently recombined with the horizontally polarized annular beam using a polar-
ization beam combiner (PBC). The combined beam is then propagated over a distance
of more than ∼ 3 m to allow the annular beam shape to fully develop. The result-
ing irradiance pattern is measured using a camera. Since the Gaussian and annular
components are orthogonally polarized, the measured irradiance corresponds to the
incoherent sum of their individual irradiance profiles. By rotating the RHWP, the
power ratio between the Gaussian and annular components can be continuously ad-
justed, thereby generating a family of composite beam shapes.

To assess the quality of the experimentally generated beams, the measured ir-
radiance patterns are compared with numerical simulations. These simulations are
based on a Fourier-optics propagation model capable of describing both near- and far-
field propagation [8, 364], combined with Jones calculus to model polarization effects
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throughout the setup [139]. Further details of the developed model are provided in
App. E.2.

10.3. Results
In this section, we present and analyze the experimentally obtained beam shapes and
quantify the power losses introduced by the proposed optical system. The experimental
results are systematically compared with numerical simulations in order to assess the
beam shaping performance of the setup.

For a meaningful comparison between simulations and experiments, the Gaussian
beam emitted by the fiber collimator was first characterized. This was accomplished
by matching simulated results to experimental beam profiles for different assumed
Gaussian beam waists and wavefront curvatures at the collimator output. From this
procedure, the beam was found to have a waist of w0 = 1.19 mm and a wavefront
radius of curvature of Rcol = 12 m. Details of the retrieval procedure are provided in
App. E.3.

10.3.1. Beam shaping

After characterizing the Gaussian beam at the aperture of the fiber collimator, sim-
ulated and measured beam shapes can be directly compared. Both the simulated
and experimental beams are normalized to unit power, enabling a comparison focused
solely on beam shape. Fig. 10.2 shows the results for superpositions of Gaussian and
annular beams with topological orders ℓ = 1 and 2 when the RHWP is set to 22.5◦,
corresponding to equal power splitting between the two beams (an extended set of
figures for other RHWP angles and ℓ can be found in App. E.6, including the cases
in which pure Gaussian and pure annular are obtained). As the topological order ℓ
increases, the radial position of the annular beam’s intensity peak also increases, as
shown in the figure. The residuals between the simulated and experimental irradiance
patterns are also shown. These residuals reveal a slight asymmetry in the experi-
mental annular beams, with increased power in the top-right region compared to the
bottom-left. As will be shown later in §10.4, these small asymmetries do not lead to
significant losses in the communication performance of the generated beam shapes.

As discussed in §9, the optimal power distribution between the Gaussian and an-
nular components depends on the chosen performance metric and the operating con-
ditions (e.g., pointing jitter, available power, etc.). Therefore, it is important to char-
acterize the beam shaping performance across the full range of RHWP angles. This is
done by computing an R2 metric that quantifies the agreement between simulated and
experimental irradiance patterns. Specifically, for each RHWP angle, the slice-wise
coefficient R2

slice = 1 −
∫∫

|Isim − Iexp|2 dx dy is computed over multiple angular slices
of the beam. Fig. 10.3 shows the average R2 across all slices, along with the standard
deviation and the extremal values, as a function of RHWP angle for ℓ = 1 and ℓ = 2.

Overall, the average R2 remains above 95%, indicating that the intended beam
shapes are reproduced with high fidelity, with higher R2 values observed as the Gaus-
sian beam contribution to the final shape increases. The observed discrepancies be-
tween simulated and experimental beam shapes can be attributed to several factors.
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(a) ℓ = 1 and RHWP angle = 22.5◦

(b) ℓ = 2 and RHWP angle = 22.5◦

Figure 10.2: Measured and simulated beam shapes for different topological charges,
with equal power contributions from each beam (Gaussian and annular). The white
lines indicate the irradiance cross-section at y = 0.

Although the wavefront-cleaning stage significantly improves the Gaussian beam qual-
ity (see App. E.1), residual wavefront aberrations remain and are transferred to the
annular beam generated by the SPP. In addition, the beam quality is sensitive to
manufacturing variations between different SPP batches, which, according to the SPP
manufacturer, the measured total depth of the SPP has a tolerance of ±5 nm. Finally,
spurious interference fringes caused by internal reflections within the camera system
introduce additional distortions in the measured irradiance patterns.

The results presented are valid on the camera plane of the proposed setup (∼ 3 m
away from the SPP, as shown in Fig. 10.1). The further development of the annu-
lar beam after the SPP is discussed in detail in App. E.4. Both simulations and
measurements show that the beam continues to evolve with propagation distance, ap-
proaching an annular profile that differs from a Laguerre–Gaussian beam. The analysis
in §E.4.2 demonstrates that the SPP-generated beam does not exactly correspond to
a Laguerre–Gaussian mode, with a larger transverse size and a distinct far-field pro-
file; achieving an exact LG mode would require an additional transmission screen,
which would introduce significant power losses. The subsequent alignment sensitivity
analysis shows that the beam is highly tolerant to angular misalignments of SPP but
extremely sensitive to lateral displacements at the micrometer scale. This indicates
that precise lateral positioning of the SPP is critical for maintaining the desired beam
shape (see App. E.5 for details).
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Figure 10.3: R2 values obtained by comparing simulated and experimental beam shapes
for different RHWP angles, for ℓ = 1 and ℓ = 2 annular beams. Average (dots),
standard deviation (boxes) and extremal values (whiskers) are shown.

10.3.2. Power losses

In addition to beam shaping performance, it is essential to quantify the optical losses
introduced by the proposed setup, as these directly impact the achievable communi-
cation performance. Here, we focus only on losses in the beam shaping stage shown
in Fig. 10.1, since the Gaussian beam cleaning stage is not representative of a realistic
FSOC terminal, where fiber coupling is typically already present due to the use of
fiber-based modulators and amplifiers [108, 486, 487].

The dominant sources of loss arise from the SPP. These include Fresnel reflections,
absorption, and scattering due to fabrication imperfections. Other optical compo-
nents, such as the RHWP and polarization beam splitters, contribute to polarization-
dependent insertion losses; however, these are negligible compared to the losses in-
troduced by the SPP. To quantify the SPP-induced losses, power measurements were
performed with a power meter before and after the SPP. The measured transmittances
are 92.6% for ℓ = 1 and 87.5% for ℓ = 2. The annular beam with ℓ = 3 was generated
experimentally by cascading SPPs with ℓ = 1 and ℓ = 2, which leads to an accumu-
lated transmission efficiency of 81%. In a practical implementation, the latter could
be significantly reduced by using a single SPP with topological charge ℓ = 3, which
would avoid cascading elements and reduce the transmission loss. In the following
section, we analyze the experimentally obtained beam shapes both with and without
accounting for these measured power losses, evaluating their expected performance in
an intersatellite optical communication link.
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10.4. Intersatellite optical communication performance
Using the experimentally obtained beam profiles, the performance of an intersatellite
FSOC link is evaluated through numerical simulations. Two scenarios are considered.
In the first, the power losses discussed in the previous section are neglected, which al-
lows the isolated effect of beam shaping on pointing-jitter mitigation to be assessed. In
the second, the measured losses are included, providing a realistic estimate of the cur-
rent system performance. The model used to evaluate the communication performance
is described in §9.2. The intersatellite link parameters employed in the simulations
are taken from Tab. 9.1. For each beam configuration, the optimum performance is
obtained by simulating different beam sizes and different relative contributions of the
Gaussian and annular components, and then identifying the configuration that min-
imizes the outage probability. As explained in §9, the outage probability is defined
as the probability that the instantaneous received power falls below the threshold
required for an ideal receiver to sustain communication at a prescribed data rate.
The results obtained are summarized in Fig. 10.4, which shows the outage proba-
bility for Gaussian beams and for superpositions of Gaussian and annular beams of
different topological orders at the camera plane. It is important to note that these
beams do not correspond to those that would be encountered at the receiver aper-
ture, since they are affected by the finite clipping of the camera and are not yet fully
developed. Nevertheless, this comparison is useful to further validate the simulation
framework by allowing the measured fields to be propagated both numerically and
analytically to the far-field and to assess the resulting communication performance.
In this way, the match found in Fig. 10.4 means that not only are the beam shapes
obtained experimentally close to the simulated profiles (see Fig. 10.3), but also the
expected communication performance resulting from these is similar. These results
already highlight the benefits of using superpositions of Gaussian and annular beams
compared with a conventional Gaussian beam. In particular, the outage probability
is significantly reduced, even when the power losses induced by the SPP are taken
into account. This demonstrates the potential of tailored beam shaping as an effective
means of mitigating pointing-jitter impairments in practical intersatellite FSOC links.

Figure 10.4: Outage probability performance for the measured and simulated beam
shapes at the camera plane. The beam shapes are clipped by the camera size and are
not fully developed yet.

As can be seen in Fig. 10.4, the good agreement between the measured and sim-
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ulated beam profiles shown in Fig. 10.3 is also successfully reflected in the predicted
communication performance. This consistency provides confidence in the simulation
framework and enables the results to be propagated further to the far-field, where
the beam shapes expected at the receiver aperture plane can be used to evaluate the
intersatellite link performance under realistic conditions. The resulting outage prob-
abilities for the far-field–simulated beam shapes are presented in Fig. 10.5. In this
case, the superpositions of LG far-fields (see §9) are compared with analytical far-field
expressions obtained for an SPP-generated annular beam superposed with a Gaus-
sian beam. The analytical far-field irradiance of an SPP-generated annular beam as a
function of the radial coordinate ρ is given by (see §E.4.2 for the derivation)

IFF(ρ, z) ∝ e
− ρ2

w2(z)

∣∣∣∣ ρz2

[
I ℓ−1

2

(
ρ2

2w2(z)

)
− I ℓ+1

2

(
ρ2

2w2(z)

)]∣∣∣∣2 ,
where w(z) is the Gaussian beam radius at propagation distance z (considering the
geometry of the Gaussian beam impinging at the SPP at the beamwaist), and In(x)
denotes the modified Bessel function of the first kind of order n. The analytical far-field
beam shapes corresponding to the experimentally generated fields are then obtained by
a weighted superposition –set by the RHWP angle– of the Gaussian beam irradiance
and the annular beam irradiance given by the above expression. These analytically
obtained beams match the profiles obtained by wave propagation simulations as can be
seen in Fig. E.8. This approach allows to translate the experimental-simulation match
found in Fig. 10.4 into the far-field analytical irradiance profiles, and enables a reliable
assessment of the communication performance using the beam profiles expected at the
receiver aperture. The results in Fig. 10.5 demonstrate the improvement, relative to
a conventional Gaussian beam, provided by the beam shaping technique proposed in
this chapter for mitigating the effects of transmitter pointing jitter in intersatellite op-
tical communication. Furthermore, the table shows that although the SPP-generated
annular beams do not perform as well as LG beams, they still provide a significant
enhancement in system performance compared to the conventional Gaussian beam.
Notably, even the power losses introduced by absorption in the SPP are compensated
by the proposed beam shaping approach, except in the ℓ = 3 case, where the addi-
tional losses arise from the use of two cascaded SPPs. In terms of power efficiency,
these results indicate that power savings of up to 20% could be achieved if the SPP
losses were further minimized, for example through the use of anti-reflective coatings
or other loss-reduction techniques. The reader is referred to App. E.6 for obtaining
the performance of these beams in terms of the average bit error probability.

10.5. Conclusions and future work
In this chapter, the experimental performance of orthogonal superpositions of Gaus-
sian and high-order annular beams for the mitigation of pointing jitter in intersatellite
communication links has been assessed. To generate annular beams, spiral phase
plates of different topological orders have been employed. It has been shown that,
by impinging a clean Gaussian beam onto these diffractive optical elements, an aver-
age R2 value above 95% is achieved for the experimental beam shapes compared to
simulations, across all superpositions of Gaussian and annular beams.
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Figure 10.5: Outage probability performance for the analytical and simulated beam
shapes at the far-field. The analytical and numerical far-field shapes obtained by the
SPP, along with the optimal shapes obtained if LG beams were generated, are shown.

Furthermore, the transmission losses introduced by the inclusion of the SPPs have
been analyzed. The transmission efficiencies for single SPPs exceed 87.5%, which
remains sufficiently high to provide an overall improvement in communication per-
formance compared to a lossless Gaussian beam. The SPP-generated annular beams
have been shown to differ theoretically from the originally proposed Laguerre–Gaussian
beams in §9, despite exhibiting an annular irradiance profile and carrying orbital an-
gular momentum.

Finally, the communication performance, evaluated in terms of outage probability,
has been computed for both the experimentally obtained beams and those predicted by
simulation. The results indicate that, even when accounting for the transmission losses
introduced by the SPPs, beam shaping remains a promising approach for pointing jit-
ter mitigation. A comparison between the analytical far-field irradiance of superposi-
tions of SPP-generated annular and Gaussian beams, and those of Laguerre-Gaussian
and Gaussian beams (see §9), shows that although Laguerre-Gaussian beams outper-
form the SPP-generated ones, the annular beams still provide better performance than
conventional Gaussian beams in terms of outage probability.

Future work should focus on reducing system losses through improved antireflection
coatings on the SPP and on miniaturizing the beam shaping setup for integration
into space-qualified FSOC terminals. An end-to-end experimental validation using
a communication terminal with induced pointing jitter is also envisaged. Beyond
the present concept, alternative beam shaping techniques and other structured beam
profiles should be investigated for further performance improvements (which will be
the focus of §11).





Chapter 11

Variational approach
to optimum beam shaping

Flat-top and super-Gaussian beams for intersatellite optical
communication

Simplex sigillum veri
(Simplicity is the sign of truth)

Building upon the work presented in the previous chapters, we introduce a variational
formalism to determine the optimum far-field irradiance for an intersatellite link af-
fected by pointing jitter. Using this formalism, the flat-top beam is found to be the opti-
mum beam shape for minimizing outage probability. In particular, it requires ∼ 37, 8%
of the power needed by a conventional Gaussian beam to achieve the same outage
probability. However, the flat-top profile is discontinuous and physically unrealizable.
To address this, we analyze a continuous family of super-Gaussian beam shapes that
approximate the flat-top as the order increases. In addition, several coherent and in-
coherent beam shaping techniques are evaluated to assess their ability to reproduce the
optimum irradiance distribution. The results show that these techniques can reduce
the required transmitted power by up to ∼ 50% compared with conventional Gaussian
beams.

The content of this chapter is based on the Ref. [489] Badás M. et al. "Super-Gaussian approximations
for optimum far-field irradiance in intersatellite optical communications: coherent and incoherent
beam shaping," submitted for publication in the Journal of Optics.
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11.1. Introduction
As discussed in the previous chapters, beam shaping can mitigate the impact of trans-
mitter pointing jitter in intersatellite free-space optical communication links by mod-
ifying the far-field irradiance distribution. In this chapter, a variational framework is
introduced to determine the optimum far-field irradiance distribution that maximizes
communication performance in the presence of pointing jitter. In addition, several
optical systems capable of approximating these optimum beam profiles are analyzed.
Specifically, the coherent and incoherent beam shaping techniques that provide the
calculated optimum beam shapes are studied.

First, the mathematical model of the intersatellite free-space channel is presented
in §11.2, where the power statistics and the communication performance of the optical
link are derived. Next, §11.3 proposes a variational method to obtain the optimum
far-field irradiance. Since the resulting optimum far-field irradiance exhibits a dis-
continuity, §11.4 analyzes a continuous family of super-Gaussian beam shapes that
approximate this optimum field. Finally, in §11.5, incoherent and coherent beam-
shaping techniques are studied to approximate the optimum beam shapes identified
in the previous sections.

11.2. Mathematical model of the free-space channel
Considering the pointing jitter problem stated above, we aim to determine the op-
timum far-field irradiance distribution I(x, y) that maximizes the performance of an
intersatellite optical link under the influence of transmitter pointing jitter. Formally,
the problem can be stated as:

Find the far-field irradiance I(x, y) ∈ R with (x, y) ∈ R2, given a probability den-
sity function of the beam center location fXY(x, y) ∈ R, that minimizes a chosen
communication performance parameter S.

As the pointing jitter probability density function (PDF) will have azimuthal sym-
metry, the problem can be stated in terms of the radial coordinate ρ instead. Typical
communication performance metrics S to be minimized are: average bit error proba-
bility (ABEP) [118], probability of fade, probability of outage and the inverse of the
reliability (probability of being below a given bit error probability threshold) as ex-
plained in §6.2.5. Using the variational formalism, minimizing any of these parameters
is equivalent to finding an extremum of the functional S as

δS = 0. (11.1)

For parameters such as outage, fade, and reliability, S can be expressed as the
cumulative density of the received power below a threshold Pth

S[I] =
∫ Pth

0
FP [I, fXY] dP,

where FP is the PDF of the received power, which depends on both the far-field
irradiance I(x, y) and the PDF of the pointing jitter fXY(x, y). The received power
PDF, FP , can be obtained from the vector to scalar probability mapping of the beam
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center location to the collected power as [441]

FP [I, fXY] =
∫∫ ∞

−∞
fXY(x0, y0) δ [P − g(x0, y0)] dx0 dy0, (11.2)

where fXY(x0, y0) is the probability density function of the location center of the beam
in the far-field and g(x0, y0) is the received power in the aperture when the center of
the transmitted beam is located at (x0, y0). Mathematically, this power can be written
as

g(x0, y0) =
∫∫

A
I(x, y) dx dy =

∫∫
R2
I(x, y) A(x− x0, y − y0) dx dy,

where A(x, y) is the receiver aperture pupil function

A(x, y) =
{

1 if a < x2 + y2 < b,

0 if else,

where a and b are the secondary and primary mirror radii of the receiver telescope.
This integral is equivalent to a bidimensional convolution and can be expressed via
the Fourier transform F as

g(x0, y0) = {I ∗ A}(x0, y0) = F−1{F(I) · F(A)}. (11.3)

Therefore, the problem of finding the optimum far-field irradiance to maximize the
performance of an intersatellite optical link impinged by transmitter pointing jitter
has been converted into the variational problem given by Eqs. (11.1)-(11.3).

When both the far-field irradiance and the receiver aperture are azimuthally sym-
metric with respect to the optical axis, the power collected can be written as a function
of the radial coordinate g(x0, y0) → g(ρ0). Furthermore, for very large distances, the
aperture is very small compared to the far-field irradiance footprint due to the diver-
gence of the beam. Hence, the irradiance variation across the aperture is negligible in
this regime, and the power as a function of the center of the beam can be written as

g(ρ0) ≈ A× I(ρ0), (11.4)

where A is the area of the receiver aperture. In general, the pointing jitter statis-
tics will be azimuthally symmetric with respect to the optical axis. In this case, the
pointing jitter statistics are given by the density function fR(ρ). This condition, along
with the azimuthal symmetry of the receiver aperture, will yield an axially symmetric
far-field irradiance distribution I(ρ). Specifically, the pointing jitter is usually consid-
ered a Rayleigh distribution in radial coordinates, resulting from a bivariate Gaussian
distribution in both elevation and azimuthal angles. The Rayleigh density function for
a scale parameter σ (where σ2 corresponds to the standard deviation of the underlying
elevation and azimuth pointing jitter) is given by

fR(ρ) = ρ

2πσ2 exp
(

− ρ2

2σ2

)
. (11.5)
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Under these assumptions, the received power can be expressed as a function of the
radial coordinate P = g(ρ) and the received power statistics can be computed with
the scalar-to-scalar R → R mapping of the density functions [441]

FP (P ) =
kmax∑
k=1

∣∣∣∣ ddP ρk
∣∣∣∣ · fR

(
ρk
)
, (11.6)

where kmax is the number of monotonical piecewise functions between the extreme
values of the function ρ(P ). Furthermore, the condition of the conservation of energy
needs to be included. This means, that if the beam has a total power P0 in the
transmitter aperture plane, the irradiance field at the receiver aperture plane I(ρ) has
to fulfill

P0 =
∫∫

R2
I(x, y) dx dy = 2π

∫
R+
I(ρ) ρ dρ. (11.7)

11.3. Optimum far-field irradiance via variational formalism
Considering the variational statement given in the previous section, no solution I(x, y)
has been found when imposing the functional S[I] to be minimized (see App. F.1).
Furthermore, exploiting the azimuthal symmetry to obtain I(ρ) has also not provided
any solution through the variational approach. As can be seen in App. F.1, applying
both the subsidiary condition through Lagrange multipliers (for the finite power con-
dition) and the Weierstrass-Erdmann corner conditions (for allowing discontinuities in
the solution) as in Ref. [490], has not proven successful. This is because the problem
is ill-posed. As will be shown later, without enforcing all necessary conditions, the
problem becomes degenerate, and no solution can be obtained. Incorporating these
conditions within the aforementioned formalisms proved challenging; therefore, the
problem was instead addressed by determining the optimal captured power probabil-
ity density function, and only thereafter finding the irradiance profile that yields the
optimum captured power probability density function.

Therefore, the optimization problem can be restated in terms of the probability
density function of the received power, FP (P ). When doing so, if the optimum solution
is found for the function FP (P ), then an irradiance distribution I(ρ) needs to be found
resulting in such a PDF. Mathematically, we want to make the functional stationary

S[FP ] =
∫ Pth

0
FP (P ) dP, (11.8)

subject to the two constraints

(1) 0 ≤ P ≤ Pmax positivity and upper-bound constraint, (11.9)

(2)
∫ ∞

0
FP (P ) dP = 1 normalization. (11.10)

The first implies that the total power of the beam is finite (through an upper limit of
the achievable maximum power), while the second is the normalization condition of
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the probability density function. The Pmax can be defined as

Pmax = max
(x0,y0)

g(x0, y0),

where g(x0, y0) is the power collected when the center of the beam is at (x0, y0) (see
Eq. (11.3)).

To solve the variational problem, we first introduce a Lagrange multiplier λ to
account for the normalization condition in Eq. (11.10). For that, we consider the
augmented functional

Φ[FP ] =
∫ Pth

0
FP (P ) dP − λ

(∫ Pmax

0
FP (P ) dP − 1

)
.

To include the stationarity condition (δΦ = 0), we take a small variation FP (P ) 7→
FP (P ) + ε η(P ) with an arbitrary test function η(P ). The first variation must vanish
as

δΦ =
∫ Pth

0
η(P ) dP − λ

∫ Pmax

0
η(P ) dP = 0 ∀ η(·).

By splitting the last integral, the stationary condition given by∫ Pth

0
(1 − λ) η(P ) dP −

∫ Pmax

Pth

λ η(P ) dP = 0 ∀ η(·).

must hold. For this condition to be met for any arbitrary test function η(P ), the coeffi-
cients of η on the two intervals must be zero. This gives the pointwise Euler–Lagrange
conditions

λ = 1 for 0 ≤ P ≤ Pth,

λ = 0 for Pth < P ≤ Pmax.

These two requirements cannot both hold simultaneously as the multiplier λ is a
scalar. Hence, there is no smooth, everywhere-positive density FP satisfying the
stationarity conditions. What survives are the admissible extremal measures which
lump all probability at a point. In fact, the only way to satisfy normalization and
make δΦ = 0 is to place all mass at one of the boundaries of the integration ranges

Mass at P = 0 → FP (P ) = δ(P ) → S = 1,
Mass at P = Pth → FP (P ) = δ(P − Pth) → S = 1/2,
Mass at P = Pmax → FP (P ) = δ(P − Pmax) → S = 0.

As we are interested in the minimum of S, the probability density FP (P ) = δ(P−Pmax)
is of our primary interest. This probability density function is physically interpreted
as the power collected being constant with value P = Pmax for any pointing error.
Hence, the continuous PDF has been converted to a discrete probability function.
Furthermore, the minimality condition of S = 0 is also met by all the PDFs satisfying

FP (P ) = δ(P − P ′) for P ′ ≥ Pth. (11.11)



202 11. Variational approach to optimum beam shaping

Now the problem remains of finding a far-field irradiance that, in combination with the
pointing jitter probability density function (e.g. Rayleigh distribution in Eq. (11.5)),
gives the probability function in Eq. (11.11) for the collected power. Finally, it can be
seen directly from the definition of S in Eq. (11.8) that any function

FP (P ) =
{

0 if 0 ≤ P < Pth,

n(P ) else,
(11.12)

also satisfies the condition S = 0, where n(P ) is any positive function satisfying the
normalization condition in Eq. (11.10)∫ Pmax

Pth

n(P ) = 1.

Now, for FP (P ) to be zero for P ∈ [0, Pth) as required by the solution in Eq. (11.12),
according to the definition of FP (P ) in Eq. (11.2)∫∫ ∞

−∞
fXY(x0, y0) δ[P − g(x0, y0)] dx0 dy0 = 0 for 0 ≤ P < Pth,

and hence
fXY(x0, y0) = 0 ∀(x0, y0) ∈ R2,

or
δ[P − g(x0, y0)] = 0 0 ≤ P ≤ Pth, ∀(x0, y0) ∈ R2.

The first condition above is not satisfied for a continuous unbounded pointing jit-
ter (e.g. Rayleigh distribution in Eq. (11.5)). Regarding the second condition, as
g(x0, y0) > 0, this last condition means that the power collected is non-zero, g(x0, y0) ≥
Pth, for any pointing jitter error (x0, y0) ∈ R2. Under this condition, the total power of
the beam would not be bounded, and therefore this solution is not physically possible
(see Proof 1 in §F.2).

Considering the above, we have now demonstrated that the FP (P ) given in Eq. (11.12)
can not be fulfilled in general by a finite power far-field irradiance when considering
an unbounded pointing jitter PDF. Therefore, now we are looking for a FP (P ) that
gives an S > 0. Although the condition g(x0, y0) ≥ Pth for ∀(x0, y0) ∈ R2 can not
be met, the best solution would be one in which the condition g(x0, y0) ≥ Pth is met
with the largest probability possible. In other words, we are looking for a function
g(x0, y0) that maximizes the probability of the collected power being above the given
threshold Pth. Hence, the probability

Pr
{
g(x0, y0) ≥ Pth

}
=
∫∫

{(x0,y0): g(x0,y0)≥Pth}
fXY(x0, y0) dx0 dy0, (11.13)

needs to be maximized. At this point, it is important to prove that the finite power
condition in Eq. (11.7) implies the finiteness of the bidimensional integral of g(x0, y0)
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through the relation in Eq. (11.3). The reader is referred to Proof 2 in §F.2 for the
proof that given that the power of the beam is finite (see Eq. (11.7)), then∫∫

R2
g(x0, y0) dx0 dy0 ≤ G,

where G is finite. As the PDF of the pointing jitter fXY(x0, y0) is considered radially
decreasing (see Eq. (11.5)), we get that the maximization in Eq. (11.13) is achieved
when the area described by the condition {(x0, y0) : g(x0, y0) ≥ Pth} is a circular re-
gion in two-dimensional space with the largest possible radius. In Proof 3 of App. F.2,
we show that the maximization of this area is obtained by a circular step function of
height Pth,

g(x, y) =
{
Pth, x2 + y2 ≤ r2

0,

0, otherwise,
(11.14)

Having established the condition that g(x0, y0) must satisfy in order to minimize
S, we can now determine the corresponding optimum far-field irradiance I(x, y) that
produces such a power collection profile. To this end, we use the relation between
these functions given in Eq. (11.3). By applying the Fourier-transform properties of
Eq. (11.3), we obtain, in momentum space,

Ĩ(kx, ky) = g̃(kx, ky)
Ã(kx, ky)

, (11.15)

where ˜ refers to the Fourier transform. Therefore, for a given aperture A and consider-
ing the optimum power collection function in Eq. (11.14), we can obtain the optimum
far-field irradiance operating in the Fourier domain. Considering a circular aperture
A, the Fourier components of the irradiance field are (see Proof 4 in App. F.2)

Ĩ(k) = Pth
r0

a

J1(|k| r0)
J1(|k| a) . (11.16)

where a is the radius of the aperture and J1 is the Bessel function of the first kind.
The inverse Fourier transform (which in polar coordinates results in the inverse Hankel
transform of the first kind due to the azimuthal symmetry of the problem) of this ratio
is a function in polar coordinates given by

I(ρ) =
∫
R+
Ĩ(k) J1(kρ) ρ dρ. (11.17)

However, the general solution can not be found in a closed form due to the divergences
created by the zeros of the Bessel function in the denominator of Eq. (11.16). For the
small circular aperture approximation, the inverse Hankel transform involved can be
computed (see Proof 4 in App. F.2), yielding the far-field irradiance

I(ρ) =


2Pthr0

a2 ρ ≤ r0,

0 otherwise,
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which is the flat-top beam (up to a power normalization constant). Imposing the
available finite power condition of Eq. (11.7), we get that the flat-top beam is

I(ρ) =


Pth

πa2 ρ ≤ r0, where r0 = a

√
P0

Pth
,

0 otherwise.

For larger apertures, Eq. (11.15) can be numerically computed, although as shown in
Fig. 11.1, instabilities arise as the ratio between the aperture radius a and the beam
size r0 increases. It can be seen in the numerical results that the inverse Hankel trans-
form oscillates strongly, giving unphysical negative irradiance values when the ratio
a/r0 is increased. However, it is shown that the shapes obtained numerically for bigger
apertures closely resemble the flat-top beam obtained in the small aperture limit. For
big a/r0 ratios, the oscillations obtained mathematically can be understood consider-
ing that the variations of the irradiance across the aperture can still compensate each
other, yielding the same total power collected by the aperture, i.e. Pth.

11.4. Analytical solutions of some beam shapes
Building upon the previous section’s finding that a flat-top profile is the optimum beam
shape for mitigating pointing jitter, this section derives the analytical performance
results, denoted by S, for several key beam shapes. The Gaussian beam is examined
first because of its widespread application in free-space optical communications [118,
175, 393]. Subsequently, the study extends to super-Gaussian beam shapes, as they
represent a versatile family of functions that converge toward the flat-top profile in
the limit of infinite order. Finally, the flat-top beam itself is analyzed in detail, as it
represents the ideal solution under the conditions previously identified.

Due to the complexity of the mathematical operations involved, this analysis adopts
the small-aperture hypothesis and assumes a Rayleigh density function for the pointing
jitter, as expressed in Eq. (11.5). Under the assumption that the receiver telescope
aperture is sufficiently small, the irradiance variation across the aperture becomes
negligible. Consequently, the power collected as a function of the radial distance ρ0
between the receiver and the beam center can be expressed as in Eq. (11.4).

11.4.1. Gaussian beam
We begin our derivation by analyzing the Gaussian beam profile, which serves as the
benchmark for free-space optical communications systems due to its role as the fun-
damental mode in laser resonators and single-mode fibers usually employed in optical
terminals. At the receiver aperture plane, a Gaussian beam with a total power P0 is
given by

I(ρ) = 2P0

πw2 exp
(

−2ρ2

w2

)
. (11.18)

Under the small-aperture approximation established previosuly in Eq. (11.4), the
power collected by a receiver of area A is proportional to the local irradiance P (ρ) =
AI(ρ). To determine the statistics of the received power under the influence of point-
ing jitter, we first find the inverse relationship expressing the radial displacement as a
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Figure 11.1: Optimum normalized far-field irradiance obtained through the numerical
inverse Hankel transform of Ĩ obtained through Eqs. (11.16)-(11.17).

function of received power

ρ(P ) =

√
w2

2 ln
(

2AP0

Pπw2

)
.

Assuming a Rayleigh distribution for the pointing jitter (as defined in Eq. (11.5)), the
probability density function of the received power, FP,Gaussian(P ), is computed via the
transformation of random variables in Eq. (11.6)

FP,Gaussian(P ) =
∣∣∣∣ ddP ρ(P )

∣∣∣∣ · fR
(
ρ(P )

)
∝ 1
Pσ2w

22−β−3πβ−1
(
AP0

Pw2

)−β

with β = w2

4σ2 .

By imposing the normalization condition
∫ Pmax

0 FP,Gaussian(P ) dP = 1, where Pmax =
2AP0/πw

2 corresponds to the peak of the irradiance, the complete PDF is found to
be

FP,Gaussian(P ) = 1
Pσ2w

22−β−2πβ
(
AP0

Pw2

)−β

with β = w2

4σ2 .

Since the beam profile is constrained to a Gaussian shape, we treat this as a parametric
optimization problem where the beamwidth w is the decision variable1. The objective
1The average power captured can be obtained from the PDF above, and is given by P = 2AP0/(πw2+
4πσ2) which has a maximum max P = AP0/(2πσ2) in w → 0. In the regime w → 0 the approxima-
tion of the beam width being bigger than the receiver aperture is no longer valid. In this regime,
the average captured power is given by P = P0 [1 − exp

(
−A/2πσ2

)
], that under the approximation

that the aperture is smaller than the pointing jitter, i.e. A ≪ σ2, yields the maximum above when
expanding P in power series.
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is to minimize the performance metric S, defined as the probability that the received
power falls below a given threshold Pth

S(w) =
∫ Pth

0
FP,Gaussian(P ) dP =

(
2
π

AP0

w2Pth

)−β

.

To find the optimum beamwidth, we evaluate dS/dw = 0, that has the only non-trivial
root (w ̸= 0)

wopt,Gaussian =
√

2AP0

eπPth
. (11.19)

Under this condition the minimum S will be given by

min SGaussian = exp
(

− AP0

2 e π Pth σ2

)
. (11.20)

The relationships between the optimum beamwidth and the performance metric S as
a function of the system parameters {A,P0, Pth, σ} are further illustrated in Fig. 11.2.

11.4.2. Super-Gaussian beams
While the Gaussian beam is the most used in free-space optical communications, it is
not necessarily the most robust profile against the detrimental effects of pointing jitter.
As demonstrated by the variational analysis in §11.3, flat-top-like distributions offer
superior performance by providing a more uniform irradiance over a wider area. Since
an ideal flat-top profile is not strictly attainable in practice, due to its discontinuity, it
is natural to consider finite-order super-Gaussian beams as realistic approximations.
These functions are characterized by a steepness parameter, or order nSG, which allows
them to continuously approximate the stepwise flat-top function as nSG increases –a
property that has led to their use in several applications, e.g., inertial confinement
fusion [472, 491, 492].

The radially varying irradiance profile of a super-Gaussian beam is mathematically
defined as

I(ρ) = P0 41/nSG

π w2 Γ [(2 + nSG)/nSG] exp
[
−2
( ρ
w

)nSG]
,

where nSG is the beam order, P0 is the total power, and Γ(x) is the Gamma function.
Notably, for nSG = 2, this expression reduces to the standard Gaussian irradiance in
Eq. (11.18). Under the small-aperture approximation, the power collected at a radial
offset ρ is given by P (ρ) = A I(ρ).

Since the received power P (ρ) is a strictly monotonically decreasing function of the
radial displacement (dP/dρ ≤ 0) for all ρ ∈ [0,∞), there exists a unique, one-to-one
mapping between the power and the pointing error. Consequently, the event where
the received power falls below a critical threshold Pth –defined as the performance
parameter S– is statistically equivalent to the event where the radial jitter exceeds
a corresponding spatial displacement ρth. By solving P (ρth) = Pth, we define the
boundary of the outage probability zone in the spatial domain. Because larger pointing
errors result in lower power, the probability of an outage is captured by the tail of
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the jitter distribution. Thus, S can be calculated directly using the complementary
cumulative distribution function of the Rayleigh pointing jitter, expressed as

S =
∫ ∞

ρth

fR(ρ) dρ = exp
(

− ρ2
th

2σ2

)
.

where ρth is the point at which the power collected P (ρ) meets the power threshold
P (ρth) = Pth. To obtain this value,

Pth = AP041/nSG

πw2Γ [(2 + nSG)/nSG] exp
[
−2
(ρth

w

)nSG]
−→ ρth = w

21/nSG

[
− ln

(
4−1/nSGπPthw

2Γ [(2 + nSG)/nSG]
A P0

)]1/nSG

.

This transformation simplifies the analysis by shifting the integration from the com-
plex power domain to the well-defined statistical properties of the pointing error. To
achieve the best system performance, we seek to minimize the outage probability S by
maximizing the radial tolerance ρth. Physically, this represents finding the beamwidth
w that allows for the largest possible pointing error before the received power drops
below Pth. By applying the first-order optimality condition dw/dρth = 0, we identify
the optimum beamwidth as

wopt,SG =
√

AP0

πPthΓ [(2 + nSG)/nSG]

(
2
e

)1/nSG

. (11.21)

In the standard Gaussian case where nSG = 2, this expression reduces to Eq. (11.19).
At this optimum beamwidth, the maximum allowable radial displacement is given by

ρth =
√

AP0

πPthΓ [(2 + nSG)/nSG]

(
2

nSGe

)1/nSG

.

Consequently, the minimized performance parameter for the super-Gaussian beam
is determined by substituting this maximized ρth into the Rayleigh complementary
cumulative density function, yielding

min SSG = exp
(

−γ2
SG
2

)
, (11.22)

with

γSG =
√

AP0

πσ2PthΓ [(2 + nSG)/nSG]

(
2

nSGe

)1/nSG

.

Consistent with our previous derivations, this result matches the solution for the
standard Gaussian beam in Eq. (11.20) when nSG = 2. A comparison between the
optimum super-Gaussian beams of several orders and the standard Gaussian beam is
illustrated in Fig. 11.2.
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11.4.3. Flat-top beam
In the previous section, we introduced super-Gaussian beams and showed that, as
the order increases, their transverse intensity profiles approach an ideal flat-top dis-
tribution. Moreover, in §11.3 we demonstrated –under suitable approximations– that
the flat-top profile constitutes the optimum solution for mitigating the effect of the
pointing jitter. Hence, the remaining question is to determine which flat-top solution
is optimum. To address this, we consider a flat-top beam characterized by a total
power P0 and a width w. These parameters fully specify the profile and allow us to
investigate how the performance depends on the choice of beam width under fixed
total power. Mathematically, the flat-top beam is described by the intensity profile

I(ρ) =


P0

πw2 ρ ≤ w,

0 else.

As in the Gaussian-beam case, determining the optimum beam width w constitutes
an optimization problem. For a flat-top beam, the received power can take only two
possible values depending on whether the receiver aperture lies inside or outside the
illuminated region. Consequently, the probability density function of the received
power becomes discrete, with values {AP0/(πw2), 0} occurring with probabilities {1−
S,S}, respectively2. Here

S =
∫ ∞

w

fR(ρ) dρ = exp
(

− w2

2σ2

)
,

represents the probability that the radial pointing error exceeds the beam radius w.
For the Rayleigh-distributed pointing jitter considered, this probability corresponds
to the complementary cumulative density function evaluated at w. In principle, in-
creasing the beam width w reduces S, thereby decreasing the probability that the
receiver falls outside the beam and improving system performance. However, increas-
ing w simultaneously reduces the received power level AP0/(πw2). If this power falls
below the threshold Pth, the received power is always insufficient, and therefore the
probability of collecting power below the threshold becomes unity, i.e. S = 1. This
situation occurs when

AP0

πw2 < Pth → w >

√
AP0

πPth
.

Therefore, the optimum performance –corresponding to the minimum cumulative
probability of the received power falling below the threshold Pth– is achieved when the
beam width is chosen such that the received power inside the beam is exactly equal
to the threshold value. Under this condition, the optimum intensity profile becomes

I(ρ) =


Pth

A
ρ < wopt,FT,

0 else,
2The average power captured can be obtained from the discrete probability distribution above, and

is given by P = AP0(1 − e
− w2

2σ2 )/(πw2) which has a maximum max P = AP0/(2πσ2) in w → 0, as
obtained for the Gaussian beam in this limit.
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where the optimum beam width is given by

wopt,FT =
√
AP0

πPth
. (11.23)

The corresponding minimum probability that the received power falls below Pth, which
serves as the performance metric, is

min SFT = exp
(

−γ2
FT
2

)
, (11.24)

where

γFT =
√

AP0

πσ2Pth
.

This result establishes a direct relation between the maximum achievable performance
–in terms of outage probability– and the system parameters: threshold power Pth, re-
ceiver aperture area A, pointing jitter σ, and total transmitted power P0. In Fig. 11.2,
the optimum beamwidth and the corresponding performance metric S, as functions
of the parameters {A,P0, Pth, σ}, are shown together with the optimum solutions ob-
tained for Gaussian and super-Gaussian beams. Furthermore, Fig. 11.3 shows the
far-field irradiances for the different beams analyzed. It has also been checked that
the ring flat-top (a donut-like top hat with a hole in the center) profile results in a
worse performance compared to the standard flat-top function (see App. F.3).

In the presence of an unknown boresight or a static pointing error, the pointing
statistics are described by a Rice distribution (if the static error is known, then the
system should be recalibrated, and the effect of the remaining pointing jitter could
be mitigated by means of the beams proposed in this chapter). Nevertheless, the
resulting optimization problem remains unchanged: the objective is to maximize the
central region of the far-field where the collected power exceeds the specified power
threshold. Since the area covered by the flat-top beam includes that of a conventional
Gaussian beam, the minimum achievable S will remain smaller for the flat-top, but will
differ from the value obtained under the Rayleigh distribution assumption discussed
above. By similar reasoning, if the estimation of the pointing jitter σ2 is inaccurate,
the optimization still yields the same result, since the optimum beamwidths depend
only on the ratio AP0/Pth and not on the pointing jitter itself. If the actual pointing
jitter is smaller than expected, the achieved minimum S will also be smaller (see
Fig. 11.2).

Another practical aspect of interest arises when an overdimensioning coefficient
C > 1 is applied to the value of Pth in link performance estimations. Equivalently,
this can be interpreted as applying the same scaling factor to σ2, or, conversely, as
introducing an underdimensioning factor C−1 to the parameters {A,P0}. In this case,
the computed far-field beam widths for Gaussian, super-Gaussian, and flat-top beams
are all scaled by a factor 1/

√
C (see Eqs. (11.19), (11.21), (11.23)). Consequently,

the resulting value of S is no longer the minimum achievable for a given beam shape.
Specifically, for a Gaussian beam, the achieved S becomes (min SGaussian)Σ, where
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Σ = (1 + ln C)/C. For a super-Gaussian beam, it becomes (min SSG)Ω, where

Ω = 1
C

[
1 + nSG ln C

2

]2/nSG

.

For a flat-top beam, the corresponding expression is (min SFT)1/C . In all cases, the
system performance degrades relative to the respective optima due to the overesti-
mation of the power threshold. It is therefore of interest to determine the value
of the overdimensioning coefficient for which the performance of the Gaussian and
flat-top beams becomes identical. This can be obtained by solving for C such that
(min SGaussian)Σ = (min SFT)1/C . Numerical evaluation shows that this occurs at
C ≈ 5.57. Thus, when such an overdimensioning factor is applied, the resulting per-
formance S of both Gaussian and flat-top beams is the same, and the flat-top beam
offers no performance advantage.

To quantify the power savings provided by super-Gaussian and flat-top beams
relative to the fundamental Gaussian beam, Fig. 11.4 shows the reduction in required
transmitted power for a fixed performance level S. The vertical axis represents the
ratio P0/P0,Gaussian, i.e., the total power required by a super-Gaussian beam to achieve
the same performance as an optimally chosen Gaussian beam. Notably, this ratio is
independent of the particular value of S selected and therefore represents an intrinsic
measure of the relative efficiency of the different beam profiles. By mathematically
equating the min S of the super-Gaussian beams in Eq. (11.22) with the Gaussian in
Eq. (11.20) the ratio

P0

P0,Gaussian
= 1
e

Γ
(

2 + nSG

nSG

) (nSG e

2

)2/nSG
,

is obtained. As the super-Gaussian order nSG increases, the required power decreases
monotonically. This behavior reflects the increasing spatial uniformity of the beam
profile and its progressive convergence toward the optimum flat-top distribution. In
the limit of large nSG, the required power approaches that of the ideal flat-top beam,
indicated by the horizontal dashed line, which represents the minimum power required
to achieve the specified performance level. The power ratio required for the flat-top
can be analytically obtained in a similar way to the super-Gaussian case, yielding a
minimium e−1 ≈ 36, 8% power ratio.

11.5. Incoherent and coherent beam shaping
In the previous sections, the optimum far-field irradiances have been analyzed, and
their performance has been evaluated. However, a way of achieving these irradiances
has not yet been proposed by optical means. To do so, in this section, several meth-
ods for approximating super-Gaussian and flat-top beams are discussed, and their
performance is evaluated.

Satellite optical communications are not the only application in which uniform irra-
diance of the beam is desirable. Other applications include inertial confinement fusion
[491], laser material processing [493, 494], molecule manipulation [495] and addressing
atomic qubits [492]. Leveraging on the optical systems proposed for achieving uniform
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Figure 11.2: Comparison of optimum Gaussian, super-Gaussian, and flat-top beams.
The optimum beamwidth expressions and the corresponding performance metric S are
shown as functions of the system parameters {A,P0, Pth, σ}.

Figure 11.3: Optimum far-field irradiances (normalized) for different Gaussian, super-
Gaussian, and flat-top beams.

irradiance fields, in this section, we analyze two main physical means of approximating
higher-order super-Gaussian beams. Firstly, incoherent light sources are considered,
in which by means of dispersion, different transversal modes are superposed in irradi-
ance to get an approximate flat-top beam. Secondly, a perfectly coherent light beam
is assumed. In this case, a phase screen is designed by means of an iterative process
to convert the original beam into an approximate flat-top beam. Although other ap-
proaches combining phase masks with spectral dispersion have also been proposed for
obtaining flat-top beams [496, 497], these will not be investigated in this chapter.

11.5.1. Incoherent light: Spatial mode superposition

Super-Gaussian and flat-top beams can be approximated in the far-field by superpos-
ing different free-space optical modes in irradiance. To superpose irradiance fields,
however, it is necessary that the different modes are incoherently combined. Physi-
cally, this can be done by using different polarizations or wavelengths of light for each
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Figure 11.4: Power savings obtained with super-Gaussian and flat-top beams. Ratio
P0/P0,Gaussian of the total power required to achieve the same performance S as a
function of the super-Gaussian order nSG. The horizontal dashed line indicates the
limiting case corresponding to the optimum flat-top beam.

of the modes. Previous works have proposed the use of the superposition of orthog-
onally polarized modes to shape the far-field irradiance in a convenient way (as in
§9-10). This technique can be experimentally implemented by using simple polariza-
tion optics and diffractive optical elements as in §10. However, as the polarization of
light has only two degrees of freedom, only two modes can be superposed, strongly
limiting the achievable variety of beam shapes with this technique. To overcome this
limitation, different wavelengths of light can be used for each of the modes [498].
As the frequency of light is a continuous spectrum, there is no theoretical limit on
the number of modes that we could combine using this technique. Experimentally,
wavelength-based incoherent beam shaping can be achieved by means of dispersive
elements and multi-plane light-converters, as has been demonstrated in Ref. [498] for
atmospheric turbulence mitigation.

When using orthogonal polarization states to perform incoherent beam shaping
through superposition, polarization can no longer be used to modulate, multiplex, or
separate transmit and receive optical paths on the optical communication terminal
(see §3). Hence, in this case, wavelength would be used to separate these channels,
as spatial mode is also being used for shaping the beam incoherently. When mode
superposition is done by combining different wavelength beams with different modes,
then polarization can be used for other purposes on the optical communication termi-
nal. Not only that, in this case, other wavelength ranges away from the ones used for
incoherent beam shaping can be used for modulation, multiplexing, and separation of
transmit and receive optical paths.

When incoherently combining several spatial modes, the resulting irradiance is
given by the superposition

I(x, y) =
pmax∑
p=0

ℓmax∑
ℓ=0

cpℓIpℓ(x, y), (11.25)

where cpℓ are the weights of the spatial modes Ipℓ(x, y) considered and the sum is done
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over the truncated modes, and {p, ℓ} are the indices of the spatial modes considered.
These modes could be Laguerre-Gaussian (LG), Hermite-Gaussian (HG), or another
set of spatial modes of our choice. The indices {p, ℓ} refer to radial and azimuthal
indices of the LG modes, and the indices {n,m} refer to the horizontal and vertical
indices of the HG modes. As the number of modes considered increases, the field should
get closer and closer to the desired beam shape. The coefficients cpℓ are calculated
via a non-negative least-squares algorithm. More advanced ways of computing the
optimum weights of the beams in incoherent superposition have also been proposed
[499]. In case polarization-based incoherent beam shaping is used, the summatory in
Eq. (11.25) can only be done over a maximum of two spatial modes as in §9-10.

Figure 11.5: Incoherent beam shaping using (a) Laguerre-Gaussian and (b) Hermite-
Gaussian modes, targeting the 8th-order super-Gaussian beam.

Using the method above, the approximated super-Gaussian beams of different or-
ders can be obtained using both Laguerre-Gaussian and Hermite-Gaussian modes. In
Fig. 11.5, the best fits to a super-Gaussian beam of 8th order are shown for both trun-
cated LG and HG bases. By increasing the number of modes considered, higher-order
super-Gaussian beams can be targeted, and the root mean square error (RMSE) of the
resulting irradiance can be decreased, as seen in Fig. 11.6. It can be seen in this figure
that the LG modes converge faster than HG modes towards super-Gaussian beams.
Furthermore, the results also show that a higher number of modes are required as the
order of the super-Gaussian beam increases, as expected. To evaluate the communica-
tion performance of these beams, the probability min S can be computed for different
AP0/σ

2Pth values for the beam shapes obtained through incoherent superposition.
The results for different numbers of modes along with the baseline Gaussian solution
and the optimum flat-top are shown in Fig. 11.7. It can be seen that the performance
of the incoherent superposition is better than the baseline Gaussian beam, and that
the performance of LG beams is better than the HG beams, as expected from the
better fit to the super-Gaussian beams discussed above.

11.5.2. Coherent light: Phase mask
The previous method can be computationally too expensive, and the truncation order
of the basis also limits the obtainable beam shape to a restricted domain. Furthermore,
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Figure 11.6: Root mean square error of the incoherent superposition of (a) Laguerre-
Gaussian and (b) Hermite-Gaussian beams, when targeting several super-Gaussian
order beams. The number of modes considered are (pmax +1)× (ℓmax +1) and (nmax +
1) × (mmax + 1) in the Laguerre-Gaussian and Hermite-Gaussian case, respectively.

Figure 11.7: Performance parameter min S for an incoherent superposition of (a)
Laguerre-Gaussian and (b) Hermite-Gaussian beams, for different number of modes
N .

using the polarization and wavelength degrees of freedom to incoherently combine the
modes limits the applicability of these degrees of freedom for modulation, multiplexing,
and receive/transmit optical path splitting. To overcome these limitations, a coherent
beam shaping technique can be followed. By considering a fully coherent beam of light
in the source, a properly designed phase mask can be used to generate different beam
shapes (see Fig. 11.8). For optical communication transmitter terminals, the beam
from the source can be considered to be Gaussian, as most of the terminals are built
from single-mode fiber components.

There are several optical components that can induce the bidimensional phase
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Figure 11.8: Illustration of the coherent beam shaping technique using a phase mask.

masks3 needed for coherent beam shaping. For mitigation of atmospheric turbulence,
Billaud et al. proposed the use of multi-plane light converters for coherent beam shap-
ing [500]. Multi-plane light converters consist of both reflective and refractive optical
phase masks that convert different spatial modes into one another [501]. Another way
of generating a beam shape of interest in the far-field is through the use of metasur-
faces, in which subwavelength geometries are used to manipulate the phase induced
at each point of the surface (although many other functionalities can also be achieved
with these structures) [502]. Dynamical optical elements such as spatial light modu-
lators or deformable mirrors are used for applications in which the phase mask to be
applied changes over time [494, 503–505]. For the static beam shaping application tar-
geted in this chapter, diffractive optical elements seem to be one of the most suitable
experimental implementations for our phase screens [506]. This is because they can
be fabricated with high precision [506, 507], introduce well-defined phase modulations
with high optical transmission efficiency, and operate as compact passive components
that do not require active control during operation. The performance of such systems
has been demonstrated in Refs. [493, 507], where multiple cascaded diffractive opti-
cal elements –following a concept similar to multi-plane light converters– are used for
laser material processing, enabling the generation of flat-top and other tailored beam
shapes. In Ref. [507], the effects of the finite steepness of the 2π phase jumps arising
from manufacturing limitations are analyzed. Although binary optical phase elements
have been proposed for flat-top beam shaping [508], they are generally less flexible
and typically exhibit reduced beam quality compared to multi-level or continuously
varying phase profiles.

Considering the source of light to be Gaussian at the transmitter end, a phase
mask can be designed that converts this beam into a super-Gaussian–like irradiance
distribution in the far-field (see Fig. 11.8). To achieve this, a phase mask can be de-
signed employing phase retrieval algorithms [509–514]. These algorithms –one of the
most common being the Gerchberg-Saxton (GS) algorithm or modified versions of it–
employ an iterative process that optimizes the targeted far-field irradiance. The basic
3In general, beam shaping can be achieved using a combined phase-transmission mask. However, in
the context of this work, the power loss introduced by transmission masks is detrimental to system
performance. Therefore, only phase-only masks are considered.
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principle is that the algorithm alternates between the spatial domain (phase mask
plane) and the Fourier domain (far-field) using forward and inverse Fourier trans-
forms. In each domain, the amplitude constraint is enforced (Gaussian amplitude at
the transmitter plane and the desired super-Gaussian amplitude in the far-field), while
the phase is allowed to evolve during the iterations. Starting from an initial guess for
the phase ψ0(x, y), the complex field U0(x, y) = Ain(x, y)eiψ0(x,y) is propagated to the
far-field through a Fourier transform Ũ0(kx, ky) = F {U0(x, y)} . The amplitude is then
replaced by the desired far-field amplitude Atarget(kx, ky) while keeping the phase, and
the field is propagated back with an inverse Fourier transform. Repeating this pro-
cess iteratively yields a phase distribution that produces approximately the desired
far-field irradiance [514]. Moreover, several modifications of the Gerchberg–Saxton
algorithm have been proposed to improve convergence speed and generate continuous
phase screens [491, 515–518]. For example, a modified iterative scheme presented in
Ref. [519] demonstrates the generation of a far-field irradiance that approximates to
a super-Gaussian beam of 12th order. Other ways of designing phase masks have also
been proposed, such as the Zernike basis decomposition combined with grid-search
and gradient-descent optimization introduced in Ref. [502]. This method exploits
the azimuthal symmetry of the problem, yielding radially symmetric phase masks.
However, despite this advantage, iterative phase retrieval algorithms such as Gerch-
berg–Saxton generally exhibit faster convergence and remain among the most widely
used approaches for practical phase mask design. Furthermore, recent advances in
the training of neural networks can also be exploited to design these phase masks
iteratively, exploiting the concept of diffractive neural networks [493].

Using the Gerchberg-Saxton algorithm proposed by Liu et al. [519], the phase
masks have been designed to convert the Gaussian beam into different super-Gaussian
orders. To do so, the algorithm is initialized using a phase mask obtained relying solely
on geometrical optics principles [520]. After one hundred iterations, the retrieved phase
screen is obtained and the resulting far-field irradiance is analyzed. As an example, the
targeted far-field super-Gaussian beam and the achieved approximated beam through
this method are shown in Fig. 11.9(a)-(b). The irradiances shown are normalized
to total unit power. Furthermore, the retrieved phase mask is also shown. Due to
the azimuthally symmetrical nature of the problem and the azimuthally symmetrical
initialization of the phase mask provided by the geometrical optical phase mask, the
numerically retrieved phase mask also possesses this symmetry. In case random phase
masks would have been used [515], this symmetry would be broken, and some more
steps would need to be included in the algorithm to force the phase mask to have this
symmetry.

In Fig. 11.9(c), the root mean square error of the obtained far-field is compared
with the targeted super-Gaussian for different orders. For approximating the Gaussian
beam nSG = 2 the GS algorithm is not too appropriate, as it can be seen. This might
be due to the initialization of the phase mask. From a certain point on (nSG ≈ 25),
as the targeted super-Gaussian order increases, the algorithm starts to deviate further
from the target as it can not accurately approximate the discontinuity generated in
the nSG → ∞ flat-top limit.

In a similar manner to what was done for the incoherent case, the performance pa-
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Figure 11.9: Coherent beam shaping using the GS algorithm for obtaining super-
Gaussian beams. (a) shows the targeted 13th-order super-Gaussian and the achieved
far-field irradiance, and (b) shows the input beam, where the irradiance is Gaussian
(brightness of the color) and the retrieved phase mask is given by the colormap. (c)
shows the root mean square error of the far-field irradiance compared to the targeted
irradiance for increased super-Gaussian orders targeted.

rameter min S for far-field irradiances obtained through the designed phase masks has
been evaluated. The results for different targeted super-Gaussian beams are shown in
Fig. 11.10. The results show a close resemblance to the analytically obtained results
in Fig. 11.2(b). However, as the super-Gaussian order increases, the far-field irradi-
ances obtained through the optimized phase mask can no longer closely resemble the
respective super-Gaussian beam. This produces the performance saturation of these
physically achievable beams to occur faster than the analytical ones (that saturate at
the flat-top curve as the super-Gaussian order increases, as shown in Fig. 11.2).

For practical purposes, it might be of interest to the reader to compare the perfor-
mance of both the theoretical super-Gaussians and the approximated incoherent and
coherent beams. To do so, the ratio of the transmitted power P0 required to obtain the
same performance min S as that of a conventional Gaussian beam is computed. The
results are shown in Fig. 11.11 where the ratio P0/P0,Gaussian is plotted as a function of
the super-Gaussian order or the number of modes considered. For the super-Gaussian
and flat-top beams, the curve is identical to that shown in Fig. 11.4, and it is seen
that the super-Gaussian asymptotically approaches the flat-top behaviour as the order
nSG increases. For the incoherent superposition of LG and HG families presented in
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Figure 11.10: Performance parameter min S for the irradiance obtained with the phase
screens computed through the GS algorithm for different super-Gaussian beam orders,
compared to the conventional Gaussian and the optimum flat-top performances.

§11.5.1, the plot shows the power ratio as the number of modes considered in the basis
is increased. Following the results shown in Figs. 11.6-11.7, the LG beams converge
faster than the HG and saturate at around ∼ 53% (although the ratio continues to
decrease slowly for higher N numbers). As discussed in §11.5.1, polarization-based su-
perposition would be limited to N = 2 modes. For the LG beam families, the obtained
∼ 60% ratio is in agreement with the power-saving results reported in §9.

For the coherently generated beam shapes, the phase masks obtained through
the GS algorithm provide results that are extremely close to the theoretical super-
Gaussian ratios up to approximately the 17th super-Gaussian order. However, for
higher orders, as shown in Fig. 11.9(c), the phase masks designed with this approach
begin to diverge from the corresponding super-Gaussian profiles. For nSG > 17, the
phase masks intended to generate higher-order super-Gaussian beam shapes instead
produce beams that perform worse than those designed for lower orders. For the phase
mask designed for nSG = 17, the resulting far-field irradiance yields a performance
ratio of 50%, in agreement with the analytical result for the targeted super-Gaussian
profile. This ratio can also be interpreted as the required value of the parameter
AP0/σ

2Pth relative to that of a conventional Gaussian beam. Consequently, the graph
may also be interpreted as indicating the reduction in required receiver aperture area
for achieving the same performance, for example.

It is important to note that, when evaluating the performance of both the inco-
herent and coherent beam shapes, the far-field irradiance beam width wopt had to be
scaled. In our analysis, we did not consider limitations associated with adjusting the
far-field beam width due to the finite aperture of the transmitter, nor the truncation
effects on the transmitted beams (analyzed for Gaussian beams in §6). As the targeted
far-field beam width decreases –corresponding to the small AP0/Pth regime shown in
Fig. 11.2(a)– the divergence of the beams involved may limit the minimum achiev-
able beam width in the far-field. This limitation can be mitigated by increasing the
transmitter aperture or by partially sacrificing the minimum achievable performance
S.
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Figure 11.11: Power savings (compared to a conventional Gaussian beam) of the the-
oretical super-Gaussian, flat-top, incoherent beamshaping with LG and HG beam fam-
ilies, and coherent beam shaping achieved through a phase mask.

11.6. Conclusions and future work
This chapter investigated the optimum far-field irradiance for mitigating the effect of
the transmitter pointing jitter in intersatellite optical communication. It has been
found through a variational approach that the optimum far-field irradiance corre-
sponds to a flat-top beam in the far-field. Due to the physics of wave propagation lim-
iting the obtention of a flat-top in the far-field, the performance of the super-Gaussian
beam family has been investigated (as it approaches the flat-top beam in the infinite
order limit). It has been found theoretically that a flat-top requires e−1 ≈ 36, 8% of the
power required by the conventional Gaussian beam to achieve the same performance.
Furthermore, incoherent and coherent beam shaping techniques have been proposed
to approximate super-Gaussian beams of different orders in the far-field. It has been
found that incoherent beam shaping using Laguerre-Gaussian beams converges faster
to the super-Gaussian beams than the Hermite-Gaussians due to the azimuthal sym-
metry of the former. The achievable minimum power ratio through incoherent beam
shaping was found to be ∼ 53% when combining one hundred Laguerre-Gaussian
modes. Coherent beam shaping, which involved designing a phase mask through the
Gerchberg-Saxton algorithm, was able to achieve a very close result to that given by a
theoretical super-Gaussian beam of 17th order. In this case, yielding to a power ratio
of ∼ 50% compared to a conventional Gaussian beam.

These results extend the previous attempt to optimize the performance of inter-
satellite optical communication affected by transmitter pointing jitter [118] by pro-
viding a fundamental lower limit and approximating it via different optical beam
shaping methods. It is important to mention that while the optimization provided is
done for minimizing probabilities of being below a reasonable power threshold, other
performance parameters (e.g., average capacity, peak capacity) would yield different
optimum far-field irradiances. For example, as demonstrated in this chapter, the max-
imum average captured power is achieved in the limit as the beam width approaches
zero (w → 0), at which point the beam profile converges to a two-dimensional Dirac
delta function.
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Future work could further expand the beam shaping approaches explored in this
chapter in several directions. First, improved algorithms for designing phase masks
capable of generating higher-order super-Gaussian beams would allow more optimum
far-field irradiances. A realistic performance assessment should also incorporate losses
that occur in a real system, similar to the analysis presented in §10, in order to evaluate
the actual power savings of the proposed beam shapes. In addition, experimental im-
plementations of the incoherent superposition of higher-order modes –such as through
multi-plane light converters or comparable optical architectures– would provide a path-
way toward practical realization of the concepts discussed in §11.5.1. Experimental
demonstrations of the coherent beam shaping techniques are also required, particularly
accounting for manufacturing constraints associated with phase mask elements such
as diffractive optical elements. Furthermore, a detailed study of the impact of optical
aberrations of the incoming Gaussian beam in coherent beam shaping systems would
help quantify performance degradation in realistic setups. Finally, extending the pro-
posed beam shaping to relevant free-space optical communication scenarios would be
valuable, including coupling efficiency into detectors or optical fibers in satellite op-
tical communication systems affected by receiver pointing jitter, as well as downlink
scenarios with atmospheric turbulence.



Part IV

𯿾 ❈ 𯿿

Closing remarks
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In the previous parts, we first identified, then modeled, and finally proposed a
novel mitigation technique for some of the phenomena affecting satellite free-space
optical and quantum communications. It is now crucial to look forward, address the
remaining challenges, and propose a clear path to tackle them. With this goal, this final
part summarizes the key findings of the thesis and outlines recommended directions for
future research in satellite optical and quantum communications.
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Chapter 12

Conclusions and outlook

Prediction is very difficult, especially if it’s about the future.

Niels Bohr
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12.1. Revisiting the research questions
It is the objective of a thesis to answer the main research question posed in §1. We are
now in a position to revisit this question and provide an answer based on the results
presented in the previous chapters. The main research question states:

How can opto-thermo-mechanical perturbations in spaceborne optical
and quantum communication terminals be modelled, and how can

their impact on communication performance be mitigated?

Following a divide and conquer approach, we address this main research question
by tackling three subquestions independently:

1. Which opto-thermo-mechanical phenomena perturb spaceborne
optical and quantum communication terminals?

2. How can these phenomena be modelled within a unified math-
ematical framework that quantifies their impact on the perfor-
mance of optical and quantum communication?

3. How can beam shaping mitigate the impact of the studied phe-
nomena on optical and quantum communication performance?

Before addressing these questions, it is important to clarify why answering them is
valuable. This rationale can be viewed from two complementary perspectives: societal
and scientific.

• How does society benefit from answering these research questions?
In the modern era, the flow of information has become one of the most valuable
assets of human society. Communication –the exchange of information– has en-
abled activities that were unimaginable to previous generations, such as real-time
communication across continents or collaboration between distant locations. As
communication has become essential to daily life, the demand for higher data
rates has continuously increased. To meet these demands, optical frequencies
within the electromagnetic spectrum offer significantly higher bandwidth than
the traditionally used radiofrequency spectrum. Among the technologies that ex-
ploit the optical spectrum, both optical fiber networks –already widely deployed–
and free-space optical communication systems have been proposed. As commu-
nication distances increase and a satellite segment becomes necessary to achieve
global coverage, the development of satellite optical communication systems be-
comes essential. In this context, it is crucial to understand the performance of
inter-satellite and satellite-to-ground optical links. By addressing the research
questions posed in this thesis, we aim to (1) identify and weigh the relevant
perturbing effects, (2) model and quantify these phenomena, and (3) mitigate
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their impact on system performance. Through this process, future satellite op-
tical communication terminals can be optimized to achieve more efficient and
reliable operation. This, in turn, enables applications from which society can di-
rectly benefit, such as the rapid transmission of satellite imagery for emergency
response.
In addition to increased bandwidth, optical communication systems provide en-
hanced security due to the narrow divergence of laser beams, which makes their
interception more difficult. While this physical-layer security is valuable, an
even more fundamental level of security can be achieved by exploiting the prin-
ciples of quantum mechanics. This is where society stands to benefit from the
development of global quantum communication networks, supported by space-
borne quantum communication segments. As quantum computing technologies
continue to mature, the possibility of quantum computers capable of breaking
current cryptographic schemes –such as RSA– becomes increasingly realistic [26,
27]. In this context, as discussed in §4, quantum key distribution (QKD) offers
a promising solution for restoring secure communications. However, QKD is not
the only application of global quantum communication networks. In a future
quantum network, where satellite links are used to distribute entanglement over
large distances as described in §7, many additional applications become possi-
ble. One such application is distributed quantum computing. By interconnecting
quantum processors located in different regions, the computational capabilities
of individual systems can be combined. In this scenario, quantum networks
act as interconnects between processors, each with a limited number of physical
qubits. By networking these systems, the total computational capacity can scale
beyond that of any individual device. This could enable the solution of problems
that are currently intractable for classical computers, including the simulation
of complex molecules for drug discovery and the design of new materials. Such
advances would have a direct and meaningful impact on society.

• How does the scientific community benefit from answering these research ques-
tions?
In many scientific endeavours, the application of the findings and therefore their
impact on the lives of current or future members of society is not very straight-
forward. In disciplines like pure math or theoretical physics, the researcher
sometimes has to find their final motivation of performing that specific research
in something more fundamental than its impact on society. Although it is totally
true that certain discoveries that at first seem not to have a clear impact on so-
ciety can find their way to affect our daily lives –history of science is full of these
events– this is not always the case. If the research has no direct or predictable
societal impact, and hence no economic benefit can be exploited out of it, it
can be more challenging to find the why of performing that research. In such
cases, it is of utmost importance to find a motivation that transcends societal
impact and economic growth. This is the pure scientific knowledge motivation.
Knowledge for the sake of knowledge. There is an interesting debate on whether
the accumulation of knowledge for the sake of knowledge is an endeavour worth
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pursuing. It is the author’s opinion that history strongly suggests that it is.

Examples such as the development of quantum mechanics and number theory
illustrate how initially abstract research later enabled transformative technolo-
gies, including semiconductors, lasers, and modern cryptography. These cases
highlight that long-term societal impact can emerge even when it is not initially
foreseeable.

Unlike the domains explained above, the research presented in this thesis does
have the potential to have a direct societal impact through the application to
future optical and quantum satellite communication systems. However, it is the
author’s belief that it is equally as important to emphasize the contributions that
the answers to these research questions could have in the scientific community.
By answering the above, the body of knowledge on the environmental effects
on optical and quantum systems of any kind is enlarged. Although in our case
it applies directly to communication systems, other scientific endeavours could
indirectly benefit from the answer to these research questions. Other applications
–some known and some yet to be discovered– have the potential to benefit from
the answers to these research questions, in the same way as this thesis has been
built upon discoveries in other scientific endeavours. A clear example of this is
how the flat-top optical beam shaping methods presented in §11 were built upon
work that was mainly oriented towards the application of inertial confinement
fusion. In a similar manner, the beam shaping approach to mitigate the effect of
stochastic power fluctuations proposed in this work could be exploited in long-
range optical applications such as space-based gravitational wave interferometry.
In this way, enlarging the body of knowledge for the sake of doing so can be
beneficial even if, when doing so, it is not clear wether will it have or not a
future application that can improve the lives of our contemporary living or those
to come.

The reader should, at this point, be convinced of the relevance –and, to some extent,
the urgency– of addressing the research questions posed in this thesis. As will be
demonstrated in the following sections of this chapter, the results of this thesis provide
concrete answers that directly support the development of higher-performance optical
and quantum satellite communication systems. In this sense, the work presented here
goes beyond the notion of knowledge for its own sake, delivering results that can be
directly leveraged in practical implementations. To answer the main research question,
we will proceed by addressing each of the subquestions in sequence, structuring the
discussion according to the different parts and chapters of this thesis.

12.2. Opto-thermo-mechanical phenomena

In this section, the main findings that answer the first research question are presented.
Restating the first research question, we have:
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1. Which opto-thermo-mechanical phenomena perturb spaceborne
optical and quantum communication terminals?

This subquestion aims to identify the different opto-thermo-mechanical phenomena
that affect the performance of optical and quantum communication terminals onboard
satellites. The answer to this question was methodically given in §3 and §4 for optical
and quantum terminals, respectively.

12.2.1. Satellite optical communications
Regarding optical terminals, in §3, firstly, the in-orbit thermal and mechanical loads
were identified. These loads, in turn, generate opto-thermo-mechanical phenomena
in the optical systems onboard the terminal. In this thesis, a classification of these
phenomena was proposed as follows: rigid body motions of the satellite, rigid body
motions of the optical components, surface deformations, stress birefringence, and
thermo-optical dispersion. Each of these affects the optical performance by inducing
pointing jitter, wavefront errors, and polarization effects. Finally, and most relevant
for the application of optical communication, these effects degrade communication per-
formance by reducing the received signal, inducing crosstalk between different channels
(which could correspond to transmit and receive signals or multiplexed channels), and
therefore increasing the bit error rate. All these ideas are summarized in Fig. 3.1.

It is important to emphasize that, depending on how the different properties of
light are used for different purposes, the effect of the opto-thermo-mechanical phe-
nomena on both the optical performance and the communication performance of the
system will differ. For example, if polarization is used for multiplexing communication
channels, stress birefringence occurring in the optical elements will induce crosstalk
between the multiplexed signals, ultimately increasing the bit error rate. However, if
polarization is used for separating transmit and receive signals, stress birefringence will
induce crosstalk between these signals, which may increase the noise in the received
signal and, consequently, the bit error rate. For other properties of light (wavelength,
phase, and amplitude), analogous phenomena can be tracked and evaluated using
the framework proposed in §3. Through this identification and classification of opto-
thermo-mechanical effects, researchers in the field can identify and track environmental
effects in satellite optical communications. Building upon this work, several of these
effects were quantitatively analyzed in different chapters of this thesis. In particular,
accurate models were developed to characterize the impact of optical aberrations and
pointing jitter, as presented in §6.

Furthermore, existing mitigation techniques for reducing environmental effects on-
board satellite terminals have been identified and classified. Regarding microvibra-
tions, source suppression techniques and terminal isolation systems were presented,
and the different microvibration frequency ranges suppressed by each were identi-
fied. Furthermore, answering this research question enabled the exploration of beam
shaping as a potential novel approach to mitigating the effects of pointing jitter, as
discussed in Part III. Regarding thermally induced loads, several levels of mitigation
were also classified, ranging from active and passive satellite thermal control, through
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passive component athermalization, to active compensation of wavefront and polar-
ization errors.

Recommendations for future work

As identified in §3.7, several key research directions are required to further improve
the performance of free-space optical communication systems under opto-thermo-
mechanical effects. First, the development and space qualification of non-mechanical
beam steering technologies represent a major opportunity [189, 190]. Although ap-
proaches such as liquid crystal devices, optical phased arrays, and focal plane switch
arrays offer clear advantages in terms of mass, volume, and lifetime, their performance
and reliability under cyclic thermal loads in space remain insufficiently understood.

Second, integrated photonic devices are a promising avenue for reducing system
size and enabling multifunctionality in satellite terminals [202]. However, their sus-
ceptibility to radiation, thermal effects, and optical power limitations requires fur-
ther investigation, particularly regarding radiation hardness and thermal management
strategies [203, 204]. In addition, novel structural and optical technologies should be
further explored. Mechanical metamaterials offer significant potential for lightweight
and customizable microvibration isolation, but their applicability and space qualifica-
tion need to be demonstrated [211]. Similarly, diffractive optical elements and meta-
surfaces could enable compact and highly functional optical systems [502], yet their
opto-thermo-mechanical behavior and long-term stability in space environments re-
main open questions. Building upon the work on mechanically and thermally tunable
optical metasurfaces [225–227], the opto-thermo-mechanical effects on these systems
could be better understood.

Finally, advances in both microvibration mitigation and spacecraft thermal control
are essential. Emerging techniques such as drag-free systems, magnetic damping, and
voice coil actuators, together with innovative passive and active thermal management
solutions, should be further investigated and adapted to the specific needs of satellite
optical communication payloads.

12.2.2. Satellite quantum communications
Similar opto-thermo-mechanical phenomena to those identified for optical terminals
are also present in satellite-based quantum communication systems, as detailed in
§4. The underlying disturbance sources –microvibrations and thermal loads– and the
resulting phenomena (rigid body motions, surface deformations, thermo-optic effects,
and stress birefringence) remain fundamentally the same. However, their impact must
be evaluated through quantum-specific figures of merit, most notably the quantum bit
error rate, the secret key rate, and the fidelity of the transmitted quantum states.

A key outcome of §4 is that, in contrast to classical optical communications, the
performance of quantum links is not only limited by signal attenuation but also by
the preservation of the quantum state. In this context, opto-thermo-mechanical phe-
nomena affect the system through three primary mechanisms: (i) photon transmission
probability, (ii) state fidelity degradation (e.g., polarization errors), and (iii) increased
background noise and crosstalk.



12.2. Opto-thermo-mechanical phenomena 231

Pointing jitter induces a stochastic variation in the photon transmission probabil-
ity by misaligning the transmitted beam with the receiver aperture. At the receiver
side, additional jitter leads to fluctuations in the angle of arrival, which significantly
degrade fiber-coupling efficiency. These effects directly reduce the detection rate and,
consequently, the achievable secret key rate. Wavefront errors, arising from thermo-
mechanical deformations and thermo-optic dispersion, further impact system perfor-
mance by altering the spatial mode of the transmitted photons. This results in reduced
photon transmission probability and, in the case of spatial-mode encoding schemes,
crosstalk between orthogonal modes. Although most current implementations rely
on fundamental Gaussian modes, this effect becomes critical for advanced encoding
schemes such as orbital angular momentum. A distinguishing aspect of quantum
communication systems is their sensitivity to polarization perturbations. As polariza-
tion encoding remains the most mature and widely implemented approach in satellite
QKD, significant emphasis was placed on polarization-related effects. Rigid body ro-
tations, stress birefringence in optical components and fibers, and thermally induced
anisotropies lead to unintended polarization transformations. These effects reduce the
polarization extinction ratio, introduce errors in the measured quantum states, and
ultimately increase the quantum bit error rate. Unlike classical systems, where such
impairments may only reduce signal quality, in QKD they directly impact security by
generating spurious correlations between measurement outcomes.

Thermal effects on quantum sources and detectors were also identified as critical.
Temperature fluctuations influence laser diodes in weak coherent pulses (WCP) sources
and phase-matching conditions in entangled photon sources, potentially degrading
state generation fidelity. Similarly, single-photon detectors exhibit strong temperature
dependence, with increased dark count rates leading to higher quantum bit error rates.
For superconducting single-photon detectors, inadequate thermal control can result in
a complete loss of functionality.

Overall, the analysis in §4 shows that opto-thermo-mechanical phenomena affect
quantum communication systems through a complex interplay between losses and
errors. While photon losses primarily reduce the detection rate, error mechanisms
–such as polarization crosstalk and background noise– have a more severe impact
by increasing the QBER and limiting the possibility of secure key generation. This
highlights the need to jointly consider optical efficiency and quantum state integrity
when designing satellite-based QKD systems. This aspect is explored in §7-8, where
accurate models for photon loss and variations in quantum states in satellite-based
quantum communication systems are developed.

Recommendations for future work

While many mitigation strategies developed for classical optical communications
are directly applicable to quantum systems, several research directions are particularly
relevant for advancing satellite-based quantum communications. First, further work
is needed to extend beyond polarization encoding. Although polarization-based QKD
has reached a high level of maturity, alternative encoding schemes such as time-bin,
frequency-bin, and spatial-mode (e.g., OAM) encoding offer potential advantages in
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robustness to reference frame misalignment and increased information capacity. How-
ever, their sensitivity to opto-thermo-mechanical effects –such as phase noise, modal
crosstalk, and finite aperture effects– remains insufficiently characterized, particularly
under realistic space conditions.

Second, similar to the classical counterpart, integrated and miniaturized quantum
photonic technologies represent a promising avenue for improving stability and scala-
bility. Third, the development and space qualification of quantum memories is a key
enabling step toward global-scale quantum networks. Quantum memories would allow
buffering of quantum states, enabling advanced protocols such as quantum repeaters
proposed in §7. However, their strong sensitivity to environmental perturbations –
especially temperature fluctuations and mechanical instability– poses significant chal-
lenges that must be addressed.

12.3. Optical aberrations on satellite optical communications

2. How can these phenomena be modelled within a unified mathe-
matical framework that quantifies the impact on the performance
of optical and quantum communication?

In §6, an end-to-end modelling framework was developed to quantify the impact
of transmitter pointing jitter and optical aberrations on intersatellite optical commu-
nication systems. By combining Fourier wave-optics propagation with a statistically
captured-power model, it enables the direct evaluation of metrics such as the average
bit error probability and outage probability. The framework explicitly links physi-
cal optical effects to communication performance. Wavefront errors, described using
Zernike polynomials, distort the far-field irradiance, while pointing jitter introduces
stochastic misalignment. The inclusion of the apparent angle of arrival further cap-
tures systematic boresight errors induced by aberrations. Among Seidel aberrations,
coma was identified as the most critical due to its induced static pointing error (see
Fig. 6.6). In contrast, other aberrations may have lower impact, or even compensating
effects (e.g., spherical aberration). Statistical analyses further indicate that subaper-
ture configurations –in contrast to clear aperture or centrally obscured architectures–
offer improved robustness to combined aberrations (see Fig. 6.8). Overall, the frame-
work provides a direct link between wavefront error specifications and communication
performance, showing that classical optical imaging criteria can be incomplete for
optical communication system design.

Furthermore, §6 also provides a digression on the different communication perfor-
mance parameters in classical communication. It is shown that one of the most impor-
tant aspects for the received signal is to minimize the probability that it falls below a
power threshold (both the outage probability and the reliability can be computed in
this way). This power threshold can be determined in several ways, depending on the
objective. In general, for establishing reliable links, it should correspond to the power
level at which the instantaneous bit error probability is such that the error correction
code can handle this BEP with a determined high probability. Other performance
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parameters, such as the average bit error probability (ABEP), have less practical rele-
vance and should be used cautiously. In line with these conclusions, §11 mainly focuses
on outage probability-like –or reliability, for that matter– communication performance
parameters as the objective of the optimization.

Recommendations for future work

Building upon the modelling framework developed in §6, several research directions
are identified to further advance the design of robust optical communication systems.
First, the coupled effects of transmitter aberrations and receiver-side impairments
should be investigated in greater detail. In particular, the interaction between aber-
rated wavefronts, angle-of-arrival fluctuations, and receiver coupling efficiency (e.g.,
fiber coupling) remains an open problem requiring a unified treatment. Second, the
extension of the present framework to space-to-Earth links is of high relevance. In
such scenarios, atmospheric turbulence introduces additional wavefront distortions
and temporal dynamics that interact with the opto-thermo-mechanical effects studied
in §6. Incorporating these effects into the current modelling approach would enable
a more complete assessment of realistic communication links. Third, the implica-
tions of these results for advanced modulation and multiplexing schemes should be
explored. In particular, spatial-mode division multiplexing and structured light com-
munication are expected to be highly sensitive to the combined effects of pointing jitter
and wavefront errors, especially due to modal crosstalk induced by aberrations and
finite receiver aperture effects. Finally, the extension of this framework to quantum
communication systems represents a key avenue for future work.

12.4. Quantum communications in space

2. How can these phenomena be modelled within a unified mathe-
matical framework that quantifies the impact on the performance
of optical and quantum communication?

This thesis has developed a unified modelling framework that connects opto-thermo-
mechanical disturbances to the performance of both classical optical and quantum
communication systems. Building upon the optical propagation and stochastic power
capture model in §6, the framework was extended to the quantum domain by incor-
porating the probabilistic nature of photon transmission, quantum state generation,
and measurement processes in §7–8. In the context of satellite-assisted quantum com-
munication using quantum repeaters (see §7), the framework integrates physical-layer
effects –such as beam diffraction, pointing jitter, and atmospheric losses– into a quan-
tum information model describing entanglement generation, swapping, and storage.
Optical losses are consistently modelled as effective beam-splitter channels, enabling
a direct mapping between classical link budgets and quantum state degradation.

This approach allows the propagation of physical imperfections through the full
protocol, from spin-photon entanglement generation to end-to-end entangled states.
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A key outcome is the ability to express the final quantum state in terms of a small
set of parameters that capture both optical and hardware imperfections. This enables
efficient analytical evaluation of performance metrics such as entanglement distribu-
tion rate and fidelity, avoiding the need for computationally intensive Monte Carlo
simulations. The framework further supports the use of realistic system parame-
ters, including finite detector efficiency, dark counts, imperfect interference visibility,
memory decoherence, and non-ideal entanglement swapping operations. Applied to
a satellite-based quantum repeater architecture using trapped atomic qubits in §7,
the model demonstrates that high-fidelity entanglement distribution over continental
distances is achievable with modest multiplexing resources (e.g., 200 memory modes
for 100 entangled photons per second over 3500 kilometers). In particular, the use of
nearly deterministic Bell-state measurements enabled by Rydberg-mediated gates sig-
nificantly reduces the memory requirements compared to photonic-based approaches.
These results establish a direct and quantitative link between optical system design,
quantum hardware performance, and network-level capabilities.

Building upon this work, §8 further develops the optical propagation model by
also considering transmitter aperture clipping effects. The model incorporates the
probabilistic generation of entangled photon pairs via a spontaneous parametric down-
conversion source on a low-Earth-orbit satellite, as well as the complete propagation
dynamics to ground stations, including beam diffraction, finite transmitter aperture,
satellite pointing jitter, atmospheric attenuation, and realistic detector characteristics.
A central result of this work is the introduction of a beam-waist optimization strategy
that maximizes the average photon capture probability by balancing diffraction and
aperture truncation under dynamic pointing jitter conditions. Unlike classical optical
links, which prioritize power stability, this optimization enhances entanglement distri-
bution rates without requiring constant flux, as QKD detects individual events. Ap-
plying this optimization resulted in an order-of-magnitude increase in the average SKR
–compared to non-optimized links employing more stable photon-flux beams, following
the classical communication approach– for the Madrid–Barcelona, Madrid–Bilbao, and
Madrid–Lisbon links, thereby enabling the fulfillment of key distribution requirements
for realistic use cases such as secure hospital-to-hospital communication.

Recommendations for future work

Several directions can further extend this unified framework. First, the inclusion
of higher-order optical effects, such as wavefront aberrations and receiver coupling effi-
ciency, would enable a more complete description of opto-thermo-mechanical impacts
on quantum communication, building upon the results of §6. Second, it is of utmost
importance to further develop and space-qualify the quantum communication-specific
hardware that is modelled in §7, such as quantum memories, single-photon detectors,
and entangled photon sources.

The model in §8 shows that, with current SPDC source rates in the MHz regime
[310], near-term QKD applications are feasible. However, high-demand services such
as QKD-based VPNs would require source rates in the GHz regime. As these services
become increasingly relevant for industry, it is necessary to develop sources operating
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in the GHz regime that are suitable for satellite quantum communication. Further-
more, in the model presented in §8, for the specific application of QKD, trusted nodes
were assumed on the ground. Including quantum memories at ground stations would
enable the use of untrusted nodes, extend entanglement across multiple links, and
open the path to fully quantum network protocols beyond QKD, such as blind quan-
tum computing or distributed quantum sensing. For the space-to-ground architecture,
it is also recommended to improve the model to account for atmospheric turbulence
effects in a more accurate manner, as in Ref. [253]. In this way, an even more realistic
performance can be predicted, bringing us closer to a global quantum information
network.

12.5. Beam shaping in satellite optical communications

3. How can beam shaping mitigate the impact of the studied phe-
nomena on optical and quantum communication performance?

In Part III, we proposed beam shaping as a method to mitigate the impact of
pointing jitter in satellite free-space optical communications. The first approach, the-
oretically proposed in §9 and experimentally verified in §10, consisted of the inco-
herent superposition of a Gaussian beam and an orthogonally polarized higher-order
Laguerre–Gaussian beam. In §9, it was shown that, by using an optimal combina-
tion of these beams, the effect of pointing jitter could be mitigated. This resulted
in theoretical power savings on the order of 20–40%, depending on the performance
parameter of interest.

To evaluate whether these theoretical gains could be realized in a practical optical
system –while accounting for losses introduced by beam-shaping components– the
system was implemented in the laboratory. The experiments revealed that a Gaussian
beam impinging on a spiral phase plate does not generate an exact Laguerre–Gaussian
beam, as assumed in §9. Nevertheless, the resulting annular beams still outperformed
a pure Gaussian beam, and the achieved power savings exceeded the additional losses
introduced by the beam-shaping system (see Figs. 10.4 and 10.5). This demonstrates
that beam shaping remains a promising approach for improving the resilience of optical
inter-satellite communication links.

Building upon these results, §11 employed a variational formalism to determine the
optimal beam shape for mitigating transmitter pointing jitter. This analysis showed
that the optimal far-field irradiance corresponds to a flat-top profile. To assess how
closely such physically unrealizable beams can be approximated in practice, two beam-
shaping approaches were investigated: incoherent and coherent methods. An ideal flat-
top beam can theoretically provide power savings of up to 63.2%. However, incoherent
beam shaping falls short of this limit, achieving only about 47% savings even when
combining as many as one hundred Laguerre–Gaussian modes. In contrast, coherent
beam shaping –based on the design of a phase mask to generate high-order super-
Gaussian beams– achieved power savings of around 50% compared to a conventional
Gaussian beam (which can be obtained with a single customized phase mask).



236 12. Conclusions and outlook

Although these more advanced beam-shaping techniques were not directly applied
to satellite quantum communication channels for mitigating pointing jitter, in §8, an
optimization of the truncation ratio of a Gaussian single-photon beam to maximize the
average photon transmission probability, accounting for the coupled effects of trun-
cation, diffraction, and pointing jitter, was presented. This approach is analogous to
the beam truncation optimization performed for optical communication in §6.3.1. It
is worth noting that the beam-shaping techniques proposed in §11 for optical commu-
nication are not, in principle, well suited for quantum communication. As discussed
in §8, performance in quantum links is primarily determined by the average photon
capture probability. To maximize this quantity, spreading the single-photon beam in
the far-field is not advantageous. This is consistent with the results in §6.3.1, where
maximizing the average received power –analogous to maximizing the photon capture
probability– does not require broadening the beam over the receiver aperture. Instead,
a far-field irradiance that minimizes beam spread, approaching a bidimensional Dirac
delta (see §11.4.1), maximizes the average photon capture probability. In this sense,
the optimization results from §6 and §8 can be regarded as initial beam shaping steps
for mitigating pointing jitter in both satellite optical and quantum communication
channels.

Recommendations for future work

Future work should explore additional beam shapes, guided by the framework de-
veloped in §11. In particular, improved algorithms for designing phase masks capable
of generating higher-order super-Gaussian beams (nSG > 17) could enable closer ap-
proximations to the optimal far-field irradiance. These studies should incorporate
realistic system losses, similar to the analysis presented in §10 and Ref. [502].

The development of compact, satellite-compatible beam-shaping systems is also
essential. Promising approaches include diffractive optical elements and metasurfaces
capable of generating the desired beam profiles. Furthermore, experimental demon-
strations of coherent beam-shaping techniques are needed, particularly considering
manufacturing constraints associated with phase-mask elements. A detailed investi-
gation of the impact of optical aberrations in the incoming Gaussian beam on coherent
beam-shaping performance would also help quantify degradation with respect to the
ideal performance in realistic scenarios.

Finally, other application scenarios should be considered, most notably space-to-
ground downlinks. Extending these beam-shaping techniques to the receiver side could
provide additional performance gains. In particular, shaping the incident field to
enable efficient and robust coupling into fibers or detectors could yield improvements
comparable to those achieved through far-field beam shaping at the transmitter.

12.6. An exciting future ahead
The research questions posed in this thesis have been addressed; however, the work
presented here opens more questions than it answers. These unanswered questions
are the guideline wtihout a recipe towards an exciting future in satellite optical and
quantum communications.
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While the discussion in this thesis has primarily focused on these communication
systems, the underlying concepts are rooted in broader optical and quantum tech-
nologies. The methods and insights developed here are therefore expected to extend
beyond the context of communication. For instance, the impact of optical aberrations
and the potential of beam shaping could be further explored in other space-based op-
tical systems, such as lidar or gravitational-wave interferometry. As these systems are
also affected by pointing jitter, the rationale for employing non-Gaussian beam shapes
may prove equally relevant and beneficial.

Imagine a future in which optical and quantum technologies are deeply integrated
into everyday life –enhancing global connectivity, strengthening security, and enabling
capabilities that are currently beyond reach. A future where laser-based communi-
cation allows seamless data transfer between any two points: across Earth, between
satellites, and extending to planetary and deep-space missions.

Imagine a future shaped by quantum computing, where problems once considered
intractable become solvable. A world in which even the potential misuse of quantum
computers to compromise classical encryption methods would no longer pose a threat.
A future in which this thread is overcome by a global quantum information network
infrastructure.

Imagine future quantum networks that, beyond providing secure keys to society,
become large-scale infrastructures that interconnect quantum devices across the globe.
These networks could enhance the capabilities of individual quantum computing units,
enabling breakthroughs in fields such as materials science and drug discovery. Imagine
a world in which quantum information networks are used for quantum sensing and for
understanding the interplay between quantum mechanics and gravity, advancing our
understanding of fundamental physics.

Imagine.
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Appendix A

Appendix for Chapter 6

This appendix provides additional details and clarifications on several topics presented
in §6. For a comprehensive treatment, the reader is referred to the supplemental
document accompanying the paper in Ref. [367]. In that supplemental document, a
simplified ABCD-matrix-based calculation is presented to show how the parameters wz
and w0 can be adjusted to design a system that is optimum for a given performance
parameter. Furthermore, the comparison of the apparent angle of arrival with the
mutual alignment error is mentioned in [372].

In A.1, some details on the wave optics propagation are given, focusing on the ex-
planation of the several reference systems used in these. In A.2, detailed explanations
are given for the sensitivity of the apparent angle of arrival to the tracking algorithm
and the telescope architecture. In A.3, complementary results for the truncated Gaus-
sian beam optimization are shown. Finally, A.4 presents the complementary results
of the effect of Seidel aberrations.

A.1. Wave propagation
In this section, some more details on the wave optics propagation and the different
reference systems used in §6 are given. In Fig. A.1 the convention for the different
reference systems used throughout §6 is presented. When, due to the transmitter
optical aberrations, the center of gravity of the irradiance field in the tracking sensor
plane is located in the coordinates (xd0, yd0) the transmitted beams’s optical axis will
be pointed in the direction given by the angles (γx, γy). Therefore, the optical axis
of the transmitted beam will be displaced to the coordinates (xb, yb) in the receiver
aperture plane. In this plane the receiver’s center is located at the origin of coordinates.

There are two wave optics propagation involved in the model when computing
the effects of the aberrations. On the one hand, a wave is propagated to compute
the far-field irradiance of the transmitted communication beam. This propagates the
electromagnetic scalar field from the transmitter aperture plane (ξ, η) to the receiver
aperture plane (x, y). On the other hand, another wave is propagated to compute
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the irradiance field of the received beacon in the transmitter. This wave optical prop-
agation considers a uniform plane wave field in the aperture. This assumption is
reasonable when the beacon is a Gaussian beam that is much larger than the aperture
of the transmitter telescope, which is usually the case. The wave optics propagation
involved, gives the field in the tracking sensor plane (xd, yd) given by the aberrated
incoming uniform plane wave in the transmitter aperture plane (ξ′, η′).

Figure A.1: Convention of the reference systems used in the computational model
developed

A.1.1. Beam divergence
In §6 and in Figs. A.5(a), A.6(a), A.7(a) the divergence of the beam is presented.
As commented in §6, the divergence of the beam is defined as the full-width angle
described by a circular contour containing 86% of the total power of the beam as
it propagates. This definition is an extension of that of the pure Gaussian beam.
Mathematically, this can be written as

θ = 2 arctan
(
r86(∆z) − wz

∆z

)
≈ 2r86(∆z) − wz

∆z , (A.1)

where r86(∆z) is defined as the radius of the circle C86 centered at the receiver that
contains the 86% of the total power of the received beam as∫∫

C86

Ir(x, y) dx dy = 0.86
∫∫

R2
Ir(x, y) dx dy, (A.2)

where Ir(x, y) is the irradiance at the receiver aperture plane computed through wave
propagation.

A.2. Apparent angle of arrival
In this section, some aspects of the apparent angle of arrival are discussed in detail.
The effect of the effective focal length of the optical system focusing on the tracking
sensor has been checked to have no effect on the resulting apparent angle of arrival
under aberrations. Furthermore, it has been checked that if the computed apparent
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angle of arrival is included as a tip-tilt to the incoming uniform plane wave of the
beacon, the resulting diffraction pattern in the tracking sensor plane has its center of
gravity in the origin of coordinates. This validates the fact that the aberration will
induce a static angular boresight error of the magnitude computed in Eq. (10) of §6.

A.2.1. Sensitivity of different tracking algorithms
Here, the results computed for the mutual alignment error in the case of coma aber-
rations for two different tracking algorithms are compared: the center of gravity al-
gorithm (COG) and the maximum irradiance algorithm (MI). The first computes the
center of gravity of the irradiance field in the tracking sensor plane to evaluate the
angle of arrival of the beacon, while the second uses the maximum irradiance point to
do so.

In the presence of optical aberrations in the transmitter telescope, the resulting
irradiance field in the tracking sensor plane is a distorted point spread function of
the transmitter aperture (for an aligned disposition of the transmitter and receiver
optical axes). In particular, from the Seidel aberrations considered in §6, only coma
will create a displacement of both the center of gravity and the maximum irradiance
of the field. Under these conditions, the apparent angle of arrival for a coma aberrated
telescope is shown in Fig. A.2. It can be seen that the MI algorithm is much more
robust than the COG algorithm to coma aberration. Furthermore, the direction of
the apparent angle of arrival in the MI case is the inverse of the COG case due to the
peak irradiance being displaced towards the direction contrary to the COG.

A.2.2. Sensitivity to the telescope architecture
In this section, we present an analysis of the sensitivity of the apparent angle of arrival
to different telescope architectures studied in this work. Fig. A.3 shows the apparent
angle of arrival for horizontal and vertical coma for the obscured and clear architectures
presented in Fig. 2 of §6. It can be seen that the obscured telescope is more sensitive
to coma aberrations than the clear aperture architecture. This is in agreement with
the results found in Ref. [372] for the mutual alignment error.

A.3. Transmit beam optimization for nominal case
In this section, the optimization performed for the three different architectures shown
in §6 are presented. In §6, the results for only one of these architectures are given.

The results of the obscured, clear, and subaperture architectures are shown in
Figs. A.5, A.6, and A.7, respectively. The figures show the divergence, telescope
transmission efficiency, average normalized received power, average bit error probabil-
ity (ABEP), probability of outage, and reliabilities. It can be seen that the optimum
outgoing beam characteristics are different for each of the communication performance
parameters (labels (d)-(h) in the figures) shown. Indeed, the comparison of these op-
timums with the location of the maximum average normalized power h proves that
maximizing the average received power is not a good approach to maximizing the
communication performance. This is due to the fact that for clipped Gaussian beams,
the received power statistics underlying the maximum received average power far-field



244 A. Appendix for Chapter 6

Figure A.2: Comparison of the apparent angle of arrival under coma, for center of
gravity (C.O.G) and maximum irradiance (M.I.) tracking algorithms on the beacon
tracking sensor in the clear aperture case. (a) and (b) show the apparent angle of
arrival in x and y axes. (c) and (d) show the diffraction patterns at the tracking
sensor plane under sign(anm)WFErms = +0.15 λ.

Figure A.3: Apparent angle of arrival for vertical and horizontal coma aberrations, for
the telescope architectures studied in this work.

irradiances are such that the fluctuations of the received power are too significant.
In this case, the fluctuations degrade the performance of the system so much that
having a very high average power can not compensate for this effect. In line with this
reasoning, finding the maximum on-axis irradiance in clipped Gaussian beams under
pointing jitter as in Ref. [393] is not necessarily beneficial in free-space optical com-
munications. The optimum outgoing beams resulting from this optimization would
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be very close to the ones obtained by maximizing the average normalized received
power h. Hence, designing the outgoing beam for maximization of either average
received power or on-axis peak irradiance shall not be pursued in free-space optical
communications subjected to pointing jitter.

In Fig. A.4(a)-(c) the optimum far-field irradiances are shown for each of the tele-
scope architectures, along with the pointing jitter probability density function in the
receiver aperture plane. The reader is referred to §6 for a discussion and analysis of
the interpretation of the different shapes leading to different extremal values of each
performance parameter. In Fig. A.4(d)-(f), the receiver power statistics for each of
these optimum far-field irradiances are given.

Figure A.4: Radial far-field irradiances for the optimization of different parameters
for the (a) obscured, (b) clear, and (c) subaperture architectures. The far-field pointing
jitter probability density function (PDF) is shown as fR(r). These are the far-fields
of the optimum beams found in Fig. A.5, A.6 and A.7, respectively. (d)-(f) show the
respective 1 − FP(h), where FP(h) is the cumulative density function of the normal-
ized received power. The vertical lines show the normalized received power thresholds
established by each performance parameter (probability of outage and reliability).
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Figure A.5: Optimization of the transmitted beam for the obscured architecture. The
◦ symbol is the optimum for ABEP performance, and the □ symbol is the optimum
for outage probability. The symbols ×, ⋄, and △ refer to the optimum reliability
performances.
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Figure A.6: Optimization of the transmitted beam for the clear architecture. The ◦
symbol is the optimum for ABEP performance, and the □ symbol is the optimum
for outage probability. The symbols ×, ⋄, and △ refer to the optimum reliability
performances.
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Figure A.7: Optimization of the transmitted beam for the subaperture architecture. The
◦ symbol is the optimum for ABEP performance, and the □ symbol is the optimum
for outage probability. The symbols ×, ⋄, and △ refer to the optimum reliability
performances.
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A.4. Optical aberrations
In this section, some complementary results to the ones presented in §6 on the ef-
fects of optical aberrations are presented. Fig. A.8 shows the effect on the reliabilities
L(P th

e = 10−3) and L(P th
e = 10−9) for different architectures. Furthermore, A.9 the

Monte Carlo simulations for these parameters are presented for these two parameters
along with the results obtained in the Monte Carlo simulations for the apparent angle
of arrival. The Monte Carlo simulation is done in the following way. In each iteration,
a weight is assigned to each of the Zernike aberrations considered. The coefficient anm
allocated to each Zernike mode is obtained by sampling from a uniform distribution
[−amax

nm , amax
nm ], therefore also including negative values for the modes. The amax

nm for
each mode is computed by making sure that the resulting WFERMS for all the modes
at that maximum weighting is the same. This ensures that the WFERMS (in magni-
tude) is statistically the same for all the Seidel aberrations. This is supported by the
experimental data shown in Fig. 14 in Ref. [372].

Figure A.8: Effect of optical aberrations for three different telescope architectures and
reliabilities for P th

e = 10−3 and P th
e = 10−9. The first, second, and third columns

correspond to clear, obscured, and subaperture architectures, respectively.

Figure A.9: Effect of optical aberrations on the performance of a LEO-GEO inter-
satellite link for different architectures obtained through Monte Carlo simulation.
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Appendix for Chapter 7

This appendix provides additional details and clarifications on several topics presented
in §7. In Section B.1, the expressions for the coefficients of the spin-photon entangled
state are given. In Section B.2, the expressions for the coefficients of the state after
free-space transmission are provided. In Section B.3, the details of the probabilistic
optical Bell state measurement are explained, along with the expressions for the coef-
ficients of the state after the Bell state measurement. In Section B.3.1, the model for
quantum memory decoherence is described, and the expressions for the coefficients of
the state after memory decoherence are presented. Finally, in Section B.4, the detailed
expression for the rate calculation is provided.

B.1. Spin-photon entanglement
In the spin-photon entanglement, the coefficients of Eq. (7.3) are given by

αe = p1ηcoll, (B.1)
βe = η2

collp2, (B.2)
γe = p1(1 − ηcoll) + (1 − ηcoll)2p2 + p0, (B.3)
ηe = 2p2ηcoll(1 − ηcoll), (B.4)

where ηcoll = pηcav,coll is the total collection efficiency, where we take into account the
collection efficiency of the cavity, ηcav,coll; and the probability of emitting in the cavity
mode, p. The probability of emitting a single-photon is p1, and p2 is the probability
of two-photon emissions. As a final note, p0 is the probability of not emitting any
photon at all, which we have assumed results in a dephased state.

The code and data of the results of this paper are openly available on 4TU.ResearchData: "Data
underlying the publication Satellite-assisted quantum communication with single-photon sources and
atomic memories", at https://doi.org/10.4121/61635423-89d3-46cb-b9bc-bc06f158b9a5
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B.2. Free-space transmission
The coefficients of the state after free-space transmission, Eq. (7.5), are given by

αT = pTp1ηcoll, (B.5)
βT = η2

collp
2
Tp2, (B.6)

γT = (1 − pT)p1ηcoll + p1(1 − ηcoll) + (1 − pT)2η2
collp2

+2p2ηcoll(1 − ηcoll)(1 − pT) + (1 − ηcoll)2p2, (B.7)
ηT = 2η2

collp2pT(1 − pT) + 2p2ηcoll(1 − ηcoll)pT. (B.8)

B.3. Probabilistic optical Bell state measurement
Once the photons from the emitter and from the receiver meet at the receiver station, a
Bell state measurement is performed between them to obtain atom-atom entanglement
across the elementary links. For the photon generated at the receiver station, we
assume negligible transmission loss but imperfect collection from the cavity. The Bell-
state measurement (BSM) is performed with a 50/50 beam splitter, and we assume
that photonic interference only occurs for the case where the two input states are of
the form |ψ⟩ i.e., that there is no photonic interference for the error terms in Eq. (7.5),
which has a photonic component. This is justified by the fact that those error terms
originate from cases where two photons were initially emitted from an atom. The
probability that those two photons are emitted in the exact same mode (e.g., with the
same temporal envelope) is limited, and hence we do not expect strong interference
between them.

We assume that the beam splitter transformations are of the following form

|e1⟩ BS−−→ 1√
2

(|e3⟩ + |e4⟩) |e2⟩ BS−−→ 1√
2

(|e3⟩ − |e4⟩) (B.9)

|l1⟩ BS−−→ 1√
2

(|l3⟩ + |l4⟩) |l2⟩ BS−−→ 1√
2

(|l3⟩ − |l4⟩) . (B.10)

where 1, 2 are the input states to the beam splitter, and 3, 4 are the outputs. In the
case of input state |ψsp,1⟩ ⊗ |ψsp,2⟩, the output state of the beam splitter is

|ψsp,1⟩ ⊗ |ψsp,2⟩ BS−−→ 1
2

[
1√
2

(|e3l3⟩|04⟩ − |03⟩|e4l4⟩) 1√
2

(|01⟩ + |10⟩) |0e⟩

+ 1√
2

(|l3⟩|e4⟩ − |e3⟩|l4⟩) 1√
2

(|01⟩ − |10⟩) |0e⟩
]

+1
2

[
1√
2

(|e3e3⟩|04⟩ − |03⟩|e4e4⟩) |00⟩ + 1√
2

(|l3l3⟩|04⟩ − |03⟩|l4l4⟩) |11⟩
]
.

(B.11)

where the states |0e⟩, |03⟩ and |04⟩ represent the vacuum state of the environment, the
vacuum state of output port 3 and the vacuum state of output port 4, respectively.
Post-selecting on detecting an early and a late photon, we will project the atoms into
an entangled state of the form |ψ⟩ = 1√

2 (|01⟩ ± |10⟩). The sign of the superposition
depends on which detectors recorded the photons and can always be corrected by a
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local atomic unitary if desired. The probability of this successful projection is 1/2
from the expression above.

We assume that the rest of the possible combinations between input states do not
result in photonic interference as explained above. Thus, for example, if the input
states are |ψmulti⟩ ⊗ |ψmulti⟩, the beam splitter transformations are assumed to be:

|2e1⟩ BS−−→ 1
2
√

2

[
(b†

e3)2 + 2
(
b†

e3b
†
e4

)
+ (b†

e4)2
]

|03⟩|04⟩, (B.12)

|2e2⟩ BS−−→ 1
2
√

2

[
(d†

e3)2 + 2
(
d†

e3d
†
e4

)
+ (d†

e4)2)
]

|03⟩|04⟩, (B.13)

where b† and d† are orthogonal creation operators. The resulting output state is then:

|ψmulti⟩ ⊗ |ψmulti⟩
BS−−→

1
8 (|01⟩ (|2be2dl⟩3|04⟩ + |2be⟩3|2dl⟩4 + |2dl⟩3|2be⟩4 + |03⟩|2be2dl⟩4) +

|10⟩ (|2bl2de⟩3|04⟩ + |2bl⟩3|2de⟩4 + |2de⟩3|2bl⟩4 + |03⟩|2bl2de⟩4))

+ 1
8 (|00⟩ (|2be2de⟩3|04⟩ + |03⟩|2be2d3⟩4) + |11⟩ (|2bl2dl⟩3|04⟩ + |03⟩|2bl2dl⟩4)) .

Therefore, with probability 1/2, we will project either into state |01⟩ or |10⟩ by herald-
ing on an early and late detection.

The coefficients of the state after the Bell state measurement, Eq. (7.11), are given
by

αBS = η2αTαe/2,
βBS = 1/2 (pdark(1 − η)(η(αTγe + γTαe + γTηe + ηTγe) + pdark(1 − η)γTγe) +

+ η2(αTηe + ηTαe + ηTηe)
)

+η2/4 (αTβe + βTαe + ηTβe + βTηe) + η2βTβe/8,
γBS = (1 − η)pdark (1/2 (η(αTγe + γTαe + γTηe + ηTγe) + (1 − η)pdarkγTγe)) ,

where η is the single-photon detection efficiency. Note that the state in Eq. (7.11) is
not normalized. The normalization constant corresponds to the probability of success,
i.e., that an early and late click is recorded.

B.3.1. Quantum memories

We consider the limited coherence time of the quantum memories to be captured by a
general Pauli noise channel. Thus, the decoherence of an atomic Bell pair is captured
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by the noise channel:

∆(ρ) =pc1pc2ρ

+

(1 − pc1)pc2
∑

i={x,y,z,0}

ϵi (σi ⊗ I) ρ (σi ⊗ I)

+ pc1(1 − pc2)
∑

j={x,y,z,0}

ϵj (I ⊗ σj) ρ (I ⊗ σj)

+ (1 − pc1)(1 − pc2)
∑

i,j={x,y,z,0}

(ϵiϵj (σi ⊗ σj) ρ (σi ⊗ σj))

 ,
where σx, σy, σz are the Pauli matrices and σ0 is the identity matrix; and pc1,2 =
e−t/τc,i where τc,i is the coherence time of the atoms. In our simulations, we assumed
the dominant noise to be pure dephasing such that ϵx = ϵy = 0 and ϵz = ϵ0 = 1/2.
Additionally, we also consider the possibility that atoms are lost due to an imperfect
vacuum. This is expressed as an erasure channel with an effective decoherence time,
Tloss, such that the probability of losing an atom is

ploss,vac = 1 − e−t/Tloss , (B.14)

where t is the time the atom stays in the trap. The loss of an atom is, however,
ultimately detected once the atom is measured, and we therefore consider it to be a
heralded error that does not affect the fidelity of the final pair but only the distribution
rate.

Note that quantum states are stored for different amounts of time, depending on
whether the memories are in a ground station, an end-satellite, or an emitter/receiver
satellite between the two end-satellites. The memories at the end-satellites need to
store the quantum states for the time it takes to receive a heralding signal from
both the ground station and the neighboring satellite and to subsequently perform an
entanglement swap operation. This time is max{2Lsat−sat/c, 2Lsat−ground/c} + Tswap,
where c is the speed of light, Lsat−sat is the satellite-satellite distance, and Lsat−ground
is the distance between the specific end-satellite and its corresponding ground station.
The memories at the emitter satellites between the two end-satellites have to store
the quantum states for a time 2Lsat−sat/c+ Tswap, while the memories at the receiver
satellites only have to store the quantum states for the time of the entanglement swap
Tswap. Finally, the memories at the ground stations have to store the quantum states
for long enough that they can receive signals from all satellites about which pairs were
successfully swapped. Therefore, the required storage time will be max{2Lsat−sat/c−
Lsat−ground/c, Lsat−ground/c} + Lground−endsat/c + Tswap, where Lground−endsat is the
link distance between the ground station and the end-satellite at the opposite end of
the repeater.

The coefficients of the state after memory decoherence, Eq. (7.12), are given by

α = pbVαBS, (B.15)
β = pdeph (βBS + αBS(1 − V)) , (B.16)
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γ = ((1 − pb)VαBS + (1 − pdeph) (βBS + αBS(1 − V)) + γBS, (B.17)

where the probabilities for a general Pauli noise channel are:

pb = p1p2 + (1 − p1)(1 − p2)
(
ϵ2x + ϵ2y + ϵ2z + ϵ20

)
+ (p1(1 − p2) + p2(1 − p1)) ϵ0,

pdeph = p1p2 + ((p1(1 − p2) + p2(1 − p1)) (ϵz + ϵ0)
+ (1 − p1)(1 − p2)

(
ϵ2x + ϵ2y + ϵ2z + ϵ20

))
.

Since we assume dephasing noise as the dominant decoherence error in our setup, we
put ϵz = ϵ0 = 1/2 and ϵx = ϵy = 0. As we will discuss later, atomic loss can be treated
as an overall probability of losing an end-to-end entangled pair.

B.4. Rate
As discussed in §7, the average rate of the repeater is estimated as

R =
∑Nmem
i=1 ipf (i)
Tcom

, (B.18)

where Tcom which is the longest communication time between elementary links and

pf (n) =
Nmem∑
i=n

(
i

n

)
p(i)(1 − ploss)npi−nloss , (B.19)

p(n) =
( nsat−1∑

i=0

(
nsat − 1

i

)
ps(n)ips(> n)nsat−(i+1)

)
(B.20)

( 2∑
j=0

(
2
j

)
pg(n)jpg(> n)2−j

)
− ps(> n)nsat−1pg(> n)2, (B.21)

p(g,s)(n) =
(
Nmem

n

)
pnlink,(g,s)(1 − plink,(g,s))Nmem−n, (B.22)

and p(g,s)(> n) =
∑Nmem
i=n+1 p(g,s)(i). The success probabilities of the entanglement

generation in the elementary links, plink,(g,s), are

plink,(g,s) = αBS + βBS + γBS, (B.23)

corresponding to the normalization in Eq. (7.11). The overall probability of losing
an entangled pair between the ground stations due to atomic loss is ploss. This in-
cludes both cases where atoms are lost in the entanglement swap operation and due
to imperfect vacuum conditions. We can express this as

ploss = p2
loss,gstat (ploss,end-sat)2 (ploss,receiver-sat)(nsat−1)/2 (ploss,emitter-sat)(nsat−3)/2

,

where

ploss,gstat = 1 − e−t′/T ′
loss ,
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ploss,x-sat = e(−2tx/Tloss)ploss,swap + 2e−tx/Tloss
(

1 − e−tx/Tloss
)

+
(

1 − e−tx/Tloss
)2
.

The different storage times t′, tx (x = {end, receiver, or emitter}) are the different
storage times discussed in Sec. B.3.1. Note that we allow for different effective loss
times of the atoms on ground (T ′

loss) and on satellites (Tloss) since it is conceivable
that better vacuum and hence longer effective loss time can be obtained on the ground
than on satellites.

B.5. Atmospheric loss
In this section, the photon losses due to atmospheric effects are considered. These
losses will be included in the model developed for the space-to-ground links.

B.5.1. Atmospheric turbulence loss model
When an optical beam propagates through the atmosphere, the turbulence will create
wavefront errors that will be detrimental to the link. In a downlink scenario, the beam
spread induced by the atmospheric turbulence can be neglected (ref. [422], chapter
12). Hence, the beam-spread due to the atmospheric turbulence is not considered in
the space-to-ground links in our model. Furthermore, the atmospheric turbulence will
also create a beam wander on the receiver’s aperture plane. This beam wander can
be modeled as a part of the transmitter pointing jitter, as their effects are the same
(stochastic displacement of the beam center from the receiver’s optical axis). However,
for a downlink, the beam wander effect due to the transmitter pointing jitter will be
dominant for reasonable turbulence regimes, and the contribution from turbulence can
therefore be neglected (ref. [422], chapter 12.6.2).

In our work, we consider that the ground stations are at an altitude higher than
2000 meters, as realised experimentally in Ref. [310]. Furthermore, the telescope
in the ground has a diameter of 2 meters, allowing for aperture averaging effects of
atmospheric turbulence scintillation [253, 422]. Finally, weak turbulence conditions
are considered to impinge on the downlink [422]. Given these three factors, the effects
of atmospheric turbulence-induced scintillation will be negligible. Experimental data
in Refs. [246, 307, 310], support the Gaussian far-field assumption considered in our
model and presented in the previous section.

B.5.2. Atmospheric transmission loss model
The atmospheric transmittance loss is due to four effects: molecular absorption, molec-
ular scattering, aerosol absorption, and aerosol scattering. The beam attenuation due
to these can be modeled with Beer’s law as [64]

Pλ(L)
Pλ(0) = exp

[
−
∫ L

0
αλ(z)dz

]
, (B.24)

where P (L) is the signal intensity after travelling a distance L through the atmosphere,
z is the distance coordinate, and αλ(z) is the attenuation coefficient (a result of the
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sum of the attenuation coefficients of the absorption and scattering of molecules and
aerosols). The wavelength dependence is due to the dependence of the absorption and
scattering phenomena on the wavelength. Considering that the length L is given for a
beam with zenith angle ζ = 0◦, the atmospheric attenuation coefficient can, to a good
approximation, be considered as a constant of position [297] such that the atmospheric
transmittance loss for a zenith angle ζ can be computed as

P (L′)
P (0) = exp [−L′αλ] = ηsec(ζ), (B.25)

where η = exp [−Lαλ] is the transmittance for the zenith angle ζ = 0◦. For large
zenith angles ζ > 60◦ the parallel plane approximation of the atmosphere is no longer
applicable, and the geometrical correction factor has to be changed to [64]

P (L′)
P (0) = ηm(ζ), (B.26)

m(ζ) =

sec ζ ζ ≤ 60◦,
1

cos ζ + 0.505572(96.07995 − ζ)−1.664 60◦ < ζ < 90◦,
(B.27)

Simulated values for the transmittance η, for different zenith angles, can be found
in [521]. In space-to-ground links, the main contributor to the atmospheric attenuation
of light is the Rayleigh scattering due to molecules [64], assuming that the ground
stations are placed at 2 km altitude, where the Mie scattering is negligible [521]. This
is because the aerosol density is very low at these altitudes, and therefore the Mie
scattering can be neglected. The wavelength considered in this work is 780 nm (see
Fig. 7.3), so according to Fig. 15 in Ref. [521], a value of η ≈ 0.95 is used for our
simulations.





Appendix C

Appendix for Chapter 8

In this appendix, we present the details of the quantum key distribution model dis-
cussed in §8. We start by discussing the different steps at the hardware level, detail-
ing the modelling of the spontaneous parametric down-conversion (SPDC) source, the
transmission loss from the satellite to the ground station, and the setup at the ground
stations. Finally, we present the details of the transmission loss due to pointing jitter
and beam divergence. The average photon capture probability as a performance pa-
rameter is justified. Furthermore, the effect of truncation due to the finite transmitter
aperture in the transmitted beam and the resulting average photon capture probabil-
ity are studied. Additionally, the optimum Gaussian beams are presented with and
without the effects of truncation.

C.1. Spontaneous parametric down-conversion source
Here, we consider second-photon emissions in the entangled photon source. Follow-
ing the work shown in [440], the expression for the spontaneous parametric down-
conversion (SPDC) source is given in Eq. (8.1). In our model, we always assume that
we are in the weak-pump regime, which implies λ ≪ 1. The brightness of the source,
B, which is defined as

B = µfrep

Ppump
, (C.1)

where frep is the repetition rate of the source and Ppump is the average power of the
pump beam, the results presented in §8 show that the amount of secret key material
increases approximately proportionally with the increase in the source’s repetition rate.
This proportional increase suggests that the quantum bit error rate (QBER) remains
roughly constant. Consequently, the fidelity of the quantum link is maintained even
as the repetition rate increases. From this, we infer that the parameter λ remains
constant and does not increase.

In our model, increasing the repetition rate also entails an increase in the average
pump power, yet the system remains within the weak-pump regime, where λ ≪ 1.

259
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This has implications for detector saturation: as the source repetition rate increases,
it is assumed that the detectors are also improved –specifically, that their dead time is
reduced– allowing them to register single-photons more frequently. Accordingly, the
detection window can be narrowed, which in turn requires a shorter detector dead
time.

C.2. Free-space, atmosphere propagation and photon measure-
ment

After the SPDC source, the photons are sent from the satellite to the ground stations.
The free-space and atmospheric losses are modelled as a fictitious beam splitter with
transmission pT determined by the optical link budget. The transmission of a single-
photon is the following

â†
H,A(B)|0⟩A,(B)|0⟩EA,(EB) →√

pT,A(B)â
†
H,A(B)|0⟩A,(B)|0⟩EA,(EB)

+
√

1 − pT,A(B)â
†
H,EA(EB)|0⟩A(B)|0⟩EA,(EB), (C.2)

â†
V,A(B)|0⟩A,(B)|0⟩EA,(EB) →√

pT,A(B)â
†
V,A(B)|0⟩A,(B)|0⟩EA,(EB)

+
√

1 − pT,A(B)â
†
V,EA(EB)|0⟩A(B)|0⟩EA,(EB), (C.3)

where the subscripts A and B denote the different spatial modes, and the subscript E
denotes the loss mode. So, for example, for the state |ψ⟩ we will have that the state
is transmitted with probability pT,ApT,B, or that we lose a photon in one of the arms
with probability pT,A(B)(1 −pT,B(A)) leaving a dephased state ρdeph0,A(B) ⊗ |0⟩B(A)⟨0|,
where ρdeph0 = 1

2 (|H⟩⟨H| + |V ⟩⟨V |), or that with probability (1 − pT,A)(1 − pT,B) we
lose both photons. In other words, the state |ψ⟩

|ψ⟩ → 1√
2
[√
pT,ApT,B(|H⟩A|0⟩EA |V ⟩B|0⟩EB + |V ⟩A|0⟩EA |H⟩B|0⟩EB)

+
√
pT,A(1 − pT,B) (|H⟩A|0⟩EA |0⟩EB |V ⟩EB + |V ⟩A|0⟩EA |0⟩B|H⟩EB)

+
√
pT,B(1 − pT,A) (|0⟩A|H⟩EA |V ⟩B|0⟩EB + |0⟩A|V ⟩EA |H⟩B|0⟩EB)

+
√

(1 − pT,A)(1 − pT,B) (|0⟩A|H⟩EA |0⟩B|V ⟩EB + |0⟩A|V ⟩EA |0⟩B|H⟩EB)
]
.

After the photons pass through the atmosphere, they reach the ground stations.
There, photons are randomly measured either in the Z basis- defined by the states |H⟩
and |V ⟩- or in the X basis- defined by |D⟩ = (|H⟩+|V ⟩)/

√
2 and |A⟩ = (|H⟩−|V ⟩)/

√
2.

To implement this random-basis measurement, the photons first pass through a 50/50
beam splitter (BS). At one of the BS output ports, a half-wave plate (HWP) is used
to rotate the measurement basis from Z to X. Both outputs are then directed into a
polarizing beam splitter (PBS), which spatially separates the polarization components.

We assume that the beam splitter transformations are of the following form

|H⟩1 → 1√
2

(|H⟩3 + |H⟩4) |H⟩2 → 1√
2

(|H⟩3 − |H⟩4) (C.4)
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|V ⟩1 → 1√
2

(|V ⟩3 + |V ⟩4) |V ⟩2 → 1√
2

(|V ⟩3 − |V ⟩4) . (C.5)

Assuming the ideal entangled state |ψ⟩ is received at the ground stations, it evolves
as follows

1√
2
(
|H⟩A|V ⟩B + |V ⟩A|H⟩B

) B.S.−−→

1√
2

[
1√
2

(|H⟩A1 + i|H⟩A2) 1√
2

(|V ⟩B1 + i|V ⟩B2)

+ 1√
2

(|V ⟩A1 + i|V ⟩A2) 1√
2

(|H⟩B1 + i|H⟩B2)
]
.

Here, the subscripts A1, A2, B1, and B2 refer to the different spatial modes after
the beam splitter for photons A and B, respectively. The output ports labelled A2
and B2 undergo a basis transformation via a HWP: |H⟩ → |D⟩ and |V ⟩ → |N⟩.

Subsequently, each output passes through a PBS, which separates the polarization
components before detection. The resulting state just before measurement is:

1
2
√

2
[|H⟩AH|0⟩AV|0⟩BH|V ⟩BV + i|H⟩AH|0⟩AV|0⟩BD|N⟩BN

+ i|D⟩AD|0⟩AN|0⟩BH|V ⟩BV − |D⟩AD|0⟩AN|0⟩BD|N⟩BN

+ |0⟩AH|V ⟩AV|H⟩BH|0⟩BV + i|0⟩AH|V ⟩AV|D⟩BD|0⟩BN

+ i|0⟩AD|N⟩AN|H⟩BH|0⟩BV − |0⟩AD|N⟩AN|D⟩BD|0⟩BN] .

(C.6)

From Eq. (C.6), we observe that in half of the cases, the photon pairs are measured
in the same basis (either Z or X). Consequently, during postselection, approximately
50% of the events are discarded to ensure only measurements in matching bases are
kept.

Additionally, we take into account dark counts in the detectors. A dark count
is when a detector clicks for a vacuum input. The probability of this happening is
pdark, i.e. a detector will click when receiving vacuum input with probability pdark.
Since pdark, pT ≪ 1, we discard third-order terms, implying that we will not consider
terms with probability p2

T pdark,p2
darkpT and similar. Therefore, from Eq. (C.3), and

considering that we postselect states with opposite polarizations in the same basis,
we get the desired state, |ψ⟩, with probability λ(1 − λ)pT,ApT,B, with probability
λ(1−λ)pT,A(B)(1−pT,B(A))pdark one of the photons has gotten lost in transmission, and
with probability λ(1−λ)(1−pT,A)(1−pT,B)p2

dark, both photons get lost in transmission.
In the case of the two-photon state, |ψmulti⟩, discarding third-order terms, we can

lose one photon in each arm, which leads to the following dephased state:

ρdeph = 1
12

(
5|H⟩A|V ⟩B⟨H|A⟨V |B + 5|V ⟩A|H⟩B⟨V |A⟨H|B

+ |H⟩A|H⟩B⟨H|A⟨H|B + |V ⟩A|V ⟩B⟨V |A⟨V |B
)
,

(C.7)
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where, considering that we post-select the measurements with opposite polariza-
tions in the same basis, we will get the aforementioned depolarized state with probabil-
ity 5λ2pT,ApT,B(1 − pT,B)(1 − pT,A). Additionally, we can also lose three photons and
get a valid measurement due to dark counts with probabilities 3λ2pT,A(1 − pT,A)(1 −
pT,B)2pdark and 3λ2pT,B(1 − pT,B)(1 − pT,A)2pdark.

We can also measure states that give zero fidelity with probabilities 3λ2(1 −
pT,A)2(1 − pT,B)2p2

dark/2, (1 − λ)2p2
dark/2.

Therefore, we can write the final state as in Eq. (8.9), where the parameters A, B
and C are given by

A = λ(1 − λ)pT,ApT,A, (C.8)
B = 5λ2pT,ApT,B(1 − pT,A)(1 − pT,B), (C.9)
C = λ(1 − λ) (pT,A(1 − pT,B)pdark + pT,B(1 − pT,A)pdark

+ (1 − pT,A)(1 − pT,B)p2
dark

)
+λ2 (3pT,A(1 − pT,A)(1 − pT,B)2pdark

+ 3pT,B(1 − pT,B)(1 − pT,A)2pdark

+3
2(1 − pT,A)2(1 − pT,B)2p2

dark

)
+1

2(1 − λ)2p2
dark. (C.10)

C.3. Free-space channel modelling
In this section, we show the models developed for evaluating the free-space channel
losses. Firstly, the average photon capture probability as a performance parameter
for a downlink channel under a stochastic pointing jitter is justified. Then, a model
to accurately compute the average photon capture probability is presented. This
model considers the truncation effects on the transmitted single-photon spatial modes.
Finally, the atmospheric channel model used for our analysis is explained.

C.3.1. Average photon capture probability
In this section, a demonstration of the average photon-pair capture probability as a
valuable parameter to evaluate the performance of quantum entanglement distribution
from a satellite is presented.

Consider a Gaussian beam traveling from the transmitter satellite to the ground
station. Although in reality the light beam would deviate from an ideal Gaussian
shape (due to e.g. atmospheric turbulence and truncation due to finite aperture), this
shape can be considered for the present discussion. In App. C.3.2, the effect of the
truncation due to the finite transmitter aperture is considered. As seen by the ground
station, the transmitter’s pointing jitter will stochastically deviate the center of the
Gaussian beam from the center of the receiver’s aperture. This stochastic deviation
will, in turn, create variations of the photon capture probability in the free-space
channel.

To evaluate the process of capturing a photon at the ground station under the
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stochastic nature of the pointing jitter, the different timescales involved in the system
have to be thoroughly assessed. We have three different timescales that have to be
considered in a scenario involving a satellite downlink:

1. Timescale of the link distance variation. This timescale refers to the charac-
teristic time in which the distance between the transmitter (satellite) and the
receiver (ground station) significantly changes. A significant change would be
one that has a non-negligible impact on the photon capture probability due to
the change in the link distance. This timescale is usually in the order of minutes
for the LEO satellite considered, τD = O(101) seconds.

2. Timescale of the pointing jitter. This timescale is the correlation time of the
pointing jitter process. Due to the nature of the microvibration sources onboard
satellites and the limitations of the fine pointing assembly, this is usually in the
order of milliseconds, τPJ = O(10−3) seconds [81].

3. Timescale of the photon emission. The rate at which the single-photons are
emitted from the source is also relevant for the discussion. On-demand single-
photon sources of interest to this application can work on the order of MHz∼GHz
[310, 439]. Therefore, the characteristic timescale of this process is τSPS =
1/νSPS = O(10−6) ∼ O(10−9) seconds.

Considering these timescales, we can see that over a pointing jitter correlation time
(milliseconds) the photon capture probability variation due to the distance change
can be considered quasi-static. Furthermore, over each realization of the pointing
jitter in the order of fractions of milliseconds, at least thousands of photons will be
sent due to the single-photon source rate. Hence, in each of these pointing jitter
realizations, as the light beam and its position are fixed, the photon capture probability
for these thousands of photons will be the same. Hence in a single realization of the
pointing jitter that lasts for ∆τR, where τSPS ≪ ∆τR ∼ τPJ, the number of photons
captured follows a binomial distribution X ∼ B(N, η) with N = ∆τR νSPS and η is the
instantaneous photon capture probability given by the divergence of the light beam
and the pointing error value at that realization.

Entangled pair capture probability under pointing jitter
Due to the pointing jitter, the photon capture probability for each of the downlink

channels varies over time. Consider now the case in which we send a pair of entangled
photons. The first photon travels through channel 1, while the second photon trav-
els through channel 2. The photon capture probability η1 in channel 1, considering
pointing jitter is given by a probability density function f1(η1). In the same way, the
photon capture probability in channel 2 (η2) is given by a probability density function
f2(η2). We will consider that these two stochastic processes are completely uncorre-
lated. This assumption comes from the fact that, in general, each of the two downlink
beams will be controlled by a different fast steering assembly [310].

We will now try to calculate the probability of capturing both entangled photons in
their respective stations. In a single realization of these two channels, the probability
of channel 1 being under the condition ∈ (η1, η1 + dη1) is f1(η1) dη1. Hence, the
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probability of the photon being captured when the channel is in ∈ (η1, η1 + dη1)
is η1 f1(η1) dη1. An analogous derivation for channel 2 yields η2 f2(η2) dη2. At a
certain realization of channels 1 and 2, the probability of capturing both entangled
photons is given by η∞ = η1 · η2 (recalling that the pointing jitter in these channels is
statistically independent). Hence, the probability density function of the probability
of both photons being captured is given by [441]

f∞(η∞) =
∫ 1

η∞

f1(η1) f2

(
η∞

η1

)
1
η1
dη1, η∞ ∈ (0, 1]. (C.11)

And the average of this probability density function

η∞ = η1 · η2 =
∫ 1

0
f∞(η∞) · η∞ · dη∞, (C.12)

where the first equality is due to the statistical independence of the channels. As
mentioned before, over each realization of the pointing jitter, there will be a huge
number N of entangled-photon pairs sent through the same channel. Furthermore,
considering that each of these entangled pairs is uncorrelated from each other w.r.t.
their spatial location, then the probability of capturing k pairs of entangled photons in
the ground stations when a total of N are sent through the double downlink channel
at condition η∞ is given by a binomial distribution

f(k,N, η∞) =
(
N
k

)
ηk∞(1 − η∞)(N−k), (C.13)

Because each of the entangled-photon pair capture events is independent. These will
be the statistics describing the number of photons captured over a specific instant
in time. Over a time period ∆tP longer than the pointing jitter characteristic time
∆tP ≫ τPJ, the number of photons captured will be given by the weighted sum of
binomial distributions. The weighting will be given by the density function f∞(η∞).
Hence if in this time period ∆tP the total number of photons emitted by the source
is NP = νSPS · ∆tP, the probability of capturing k entangled photons is given by

fP [k,NP, f∞(η∞), η∞] =
∫ 1

0
f∞(η∞) f(k,NP, η∞) dη∞

=
(
NP
k

)∫ 1

0
f∞(η∞) ηk∞(1 − η∞)(NP−k) dη∞.

(C.14)

Hence, the number of entangled photons captured over a period ∆tP does no longer
follow a binomial distribution. It follows the weighted binomial distribution given in
Eq. (C.14), the weighting being given by the statistics of the photon capture proba-
bility due to the pointing jitter (and atmospheric effects in case they are considered).
Hence, over a single pass of the satellite, the photon capture statistics can be computed
by considering each time step ti where ti+1 − ti = ∆tP (where ∆tP is in the timescale
of the link distance variation ∼ τD). In each of these time steps, the entangled-photon
pair capture probability is given by ηi∞, and hence described by the density function
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f i∞. The variation of this density function is due to the variation of the distance (and
other considerations) in each of the elementary links.

According to the discussion above, we now have a model to exactly obtain the
photon capture probability considering the stochastic disturbances impinging on the
channel (pointing jitter and atmospheric effects). The equations above can not be
solved analytically, as alraeady the density functions of the photon capture probability
of each of the channels, i.e., f1,2(η1,2), do not have a closed form in the general case.

Our objective is to know if the average entangled-photon capture probability η∞
is a good performance parameter for evaluating the performance of quantum entan-
glement distribution protocols. As this probability can be obtained by multiplying
the average of each of the channels η1 and η2, this is very convenient. Remember
that the entangled-photon capture probability is averaged out over the pointing jitter
statistics in this case. We will consider photons in the spatial Gaussian fundamental
mode and pointing jitters given by Gaussian bivariate density functions [275]. We will
now numerically demonstrate the statistics obtained for Eq. (C.11) and (C.14).

In Fig. C.1, the results for a Monte Carlo simulation over a second are shown when
both satellites are at a 500 km distance from both ground stations. The pointing
jitter considered for all the simulations is the one reported in the Micius satellite [81],
i.e., σθ = 0.47 µrad. The entangled-photon pair source rate is the one also reported
for this satellite 5.9 MHz. In this figure, two scenarios are presented: non-optimized
and optimized beams. The non-optimized beam (shown in red color in the figures),
refers to a Gaussian beam with a 10 µrad full-width divergence approximately equal
to the one reported in Ref. [245]. On the other hand, the optimized beam (shown in
green color in the figures), refers to a Gaussian beam with a beamwidth w0 that is
80% of the transmitter’s telescope radius of 15 cm, with the truncation effects of the
transmitted beam negligible. This gives a divergence of approximately 4 µrad for the
optimized beam. It can be seen in the figure that the fluctuations over the average are
much higher in the optimized case than in the non-optimized case. Although these
fluctuations around the average can be very detrimental in classical communication
links [473], this is not the case for quantum entanglement distribution. Furthermore,
in the bottom of Fig. C.1 the cumulative number of entangled-photon pairs over time
is shown, comparing it to the linear fit given by the average entangled-photon capture
probability η∞ = η1η2. It is shown that almost no difference can be found between the
two of them in both the non-optimized and the optimized channels. It is important
to mention that the density function shown for η∞ in the Monte Carlo simulations
corresponds to Eq. (C.14) derived before.

To understand the behavior of the double downlink channel over a longer time
period, the approximate time period of the satellite pass is simulated. Maintaining
the distance from the two ground stations to the satellite constant and equal, the
distribution of the entangled-pairs per second is shown in Fig. C.2. The binomial
distribution with the same average entangled-photon capture rate is also shown. For
a more realistic assessment, Fig. C.3 shows the simulation considering the distance
variation over time from each of the satellites. For this simulation, a typical pass of a
satellite at an altitude of 400 km passing over Madrid and Lisbon has been considered,
considering at each time the distance from the satellite to the respective ground station
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Figure C.1: Monte Carlo simulation of the capture probabilities and the accumulated
entangled-pair over a second. The first three rows show the variation over time of the
respective capture probabilities and the associated probability distributions. The bottom
figure shows the cumulative entangled-photon pairs captured by both ground stations
over time.

(Madrid and Lisbon in this case).
By comparing the optimized beam presented is one that tries to maximize (up

to the limit in which the truncation effects are negligible) the average photon cap-
ture probability for each of the channels. This is done for single-photons in the spatial
Gaussian mode by minimizing the width of the beam in the ground station. This max-
imization of the average, however, comes at the cost of the fluctuations of the capture
probability over this average being increased too. Although this last trade-off has to
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Figure C.2: Probability distribution of the entangled-photon pair capture rate from the
satellite to two ground stations at 500 km distance.

Figure C.3: Entangled-photon pair capture statistics over a realistic satellite pass con-
necting Madrid and Lisbon. (Left) shows the variation of the entangled-photon pair
capture probability over the satellite pass, where the filled areas delimit the 10%-90%
and the 25%-75% quantiles. (Right) shows the probability distribution of the entangled-
photon pair capture rate over the pass.

be considered in classical channels (captured power instead of capture probability for
classical communications), it has been proven in this section that for the dynamical
processes considered, the maximization of the average is to be pursued in quantum
entanglement distribution channels. The latter should be done even when the fluc-
tuations increase drastically in this optimization, as it results in a larger number of
entangled photons captured in both ground stations over a satellite pass.

C.3.2. Effect of clipping and pointing jitter

In the previous section, it has been proven that the maximization of the average
capture photon probability for each channel should be pursued in satellite quantum
entanglement distribution systems. However, and only for the sake of the demonstra-
tion, the single-photon has been considered to be described by the spatial Gaussian
fundamental mode. However, trying to maximize the average photon capture proba-
bility for each channel means making the spread of this spatial Gaussian mode as small
as possible in the ground station. This, in turn, is achieved by collimating the beam
as much as possible in the transmitter aperture plane. Hence, this means making the
beamwaist w0 as big as possible in the transmitter aperture plane. It is, however,
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important to mention that this trend follows up to a certain w0, as the beamwidth
at distance z is given by wz = w0

√
1 + z2λ2/(π2w4

0), where λ is the wavelength of
the beam. This point is reached for beamwaists w0 much higher than the apertures
of the transmitters considered for the satellite terminal (e.g. the point is reached for
w0 ≈ 35 cm for a distance of 500 km).

Hence, in principle, making the beamwaist w0 larger on the satellite aperture
plane will create a smaller beamwidth in the ground station location, and therefore a
higher average photon capture probability. However, as the beamwaist of the spatial
Gaussian mode is increased, the border effects due to the finite size of the transmitter’s
aperture will start to play a role. The truncation of the Gaussian mode due to the
transmitter’s aperture will create a loss on the probability of transmitting a single-
photon. Furthermore, the truncation of the Gaussian mode will induce a diffraction
that will change the divergence of the transmitted mode. The latter will no longer be
purely Gaussian due to this diffraction effect.

Optimization of the transmitted beam
All considered, as the truncation of the Gaussian beam is relevant when aiming for

beams that have a small far-field beamwidth, a complete optical propagation model
is required to accurately calculate the spatial mode associated with the single-photon
on the receiver side. By using the model presented in §6, the average photon capture
probability, accounting for truncation effects, can be obtained for a given pointing
jitter, Gaussian beamwaist, and aperture sizes involved. This model propagates the
spatial mode of the single-photon from the transmitter plane to the receiver plane
through Fourier optics. Then, the spatial mode of the single-photon in the receiver
aperture plane is combined with the pointing jitter statistics to obtain the probability
density of the photon capture probability. From this density function, the average
photon capture probability for the individual channel can be obtained.

Furthermore, by maximizing this average, an optimization of the transmitted beam
can be performed that optimizes the performance of the quantum entanglement dis-
tribution system according to App. C.3.1. The results for such an optimization for a
distance of 400 km and a ground station aperture radius of 60 cm are presented in
Fig. C.4, for different transmitter aperture radii a and transmitter angular pointing
jitters. In this manner, the optimal transmitted beam for a given set of parameters
is computed, and the maximum average photon capture probability is assigned to the
channel. For the set of parameters used in the results of §8, the optimization yields the
same truncation ratio w0/a along the whole satellite pass because the pointing jitter
is considered to be the same along the entire orbit (see Fig. 8.3 in §8). However, for
other parameters (see top-left in Fig. C.4), the optimum truncation ratio is dependent
on the aperture of the telescope. In the latter case, or in the case in which an in-orbit
adjustment of the beamwaist is to be done, a beam-divergence control system such as
the one in Ref. [454] could be used.

For the operation of a quantum key distribution (QKD) protocol, a classical com-
munication channel is necessary. It is important to mention that the optimization
discussed in our manuscript refers only to the quantum beam. For the classical beam,
an analogous optimization could be performed, this time attending to the relevant
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classical communication performance parameters (e.g., outage probability, see §6).

C.3.3. Atmospheric effects

As the single-photon state propagates through the atmosphere, there are several at-
mospheric effects that need to be assessed. Firstly, the atmospheric absorption and
scattering reduce the probability of the photon being captured by the receiver. This is
modeled in our analysis according to Ref. [258]. Secondly, there are several turbulence-
induced effects. The stochastic change of the index of refraction due to the atmospheric
turbulence will mainly create: beam spread, beam wander, and scintillation. Under
the weak turbulence conditions considered in §8 the beam spread and wander effects
are negligible in downlink channels [422]. The zenith angle of the downlink is limited
to 70º for the simulations, where the effect of beam spread and other atmospheric
effects is limited [253].

Concerning the scintillation, there are several things that need to be considered.
Assuming weak turbulence and a large diameter of the ground station’s telescope, the
turbulence-induced scintillation is already diminished [422]. Furthermore, for the re-
sults obtained, the ground station is assumed to have an adaptive optics system that
counteracts for the variations due to the scintillation on the fiber coupling. An overall
detector coupling efficiency of γ = 0.5 is assumed, which is in agreement with simu-
lations and experimental data in optical downlink channels with adaptive optics and
single-mode fiber coupling [254, 255, 442]. This coupling efficiency could be increased
by considering free-space coupling into the single-photon detectors [445], or multimode
fiber coupling [446, 447] (maintaining the adaptive optics system). Finally, consider-
ing the specific application of QKD, previous studies have shown that scintillation has
minimal impact on these quantum communication protocols [250].

C.4. Key extraction
The key extraction protocol is performed after the quantum state transmission and
reception phase of QKD, leading to a so-called block of detection events. The two com-
municating parties in the BBM92 configuration transmit the time-tagged information
about the (in this case, passively) chosen measurement bases. Basis reconciliation and
time filtering allow both parties to discard all events that correspond to mismatched
bases or those that fall outside the time window of acceptance. It is important to
note that time synchronization, in this case, must be enforced between the receiving
parties, i.e., the optical ground stations. Therefore, ground-based solutions, such as
the White Rabbit Protocol [522], can be used to achieve synchronization with preci-
sion down to tens of picoseconds. At this point, the protocol requires the parties to
sacrifice a subset of the remaining events by disclosing the detection outcome in order
to calculate the QBER. If the value is below the threshold for security –at 11% for
BBM92 [523]– the protocol moves on to the next stage. Depending on the value of
the QBER, however, the amount of privacy amplification rounds will vary: for low
values of QBER, the expected mutual information between the communicating parties
and a potential adversary is low, indicating that the security of the key is high; if the
value of the QBER approaches the threshold, more rounds are necessary to reduce the
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Figure C.4: Optimization of the truncated Gaussian beam for different transmitter
aperture sizes a and pointing jitters σθ using the full numerical propagation model in
§6. Top-left is the optimum beam-waist to aperture ratio. Top-right is the divergence
of the resulting optimum beam. Bottom-left is the optimum average photon capture
probability (maximum obtainable). Bottom-right is the transmission efficiency of the
telescope (i.e. the probability of losing the single-photon on the transmitter’s aperture).
The circle and square points show the characteristics of the Jinan and Micius satellites,
respectively [246, 310].

mutual information and enforce security of the key material.
The factor on the right-hand side of Eq. (8.10) indicates the ratio between the

amount of raw detection events before privacy amplification and error correction
rounds and the final amount of secure bits output by the protocol. Practical op-
eration of QKD systems requires online computation of the QBER and execution of
the subsequent rounds of classical communication that enable producing a key. The
complexity of the steps and the fact that they may be executed several times lead to
the development of dedicated hardware to tackle this problem efficiently and ensure
that it does not represent a bottleneck in the key distribution link. For the analysis
presented in this work, several satellite passes have been evaluated over multiple days,
which translates into a heavy computational task to execute the classical protocol for
each block of raw detection events. Therefore, a look-up table (LUT) was created
allowing one to efficiently and accurately estimate the value of the so-called key ex-
traction efficiency (ηLUT ) given a block length and the corresponding QBER value.
In other words:

SKR = Rfinal · (max (0, 1 − (1 + ξ) H (QBER)))
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= Rfinal · ηLUT [Linitial; QBER] . (C.15)

The look-up table was generated by artificially inputting bit strings –of different length
and error rate– to a key extraction software implementing the Cascade error correction
protocol [524]. For each combination of [Linitial; QBER], ηLUT –presented as a heatmap
in Fig. C.5a– outputs a value that can be immediately used to calculate the expected
key material generated by the QKD protocol. In Fig. C.5-b, we present the same
calculations but considering a static value of ξ = 1.22, which approximates the realistic
results for large block lengths (Linitial ≥ 104). Due to the limited availability of the
satellite during the pass and the dynamic weather conditions that can significantly
diminish the key material generated on the ground, the regime of Linitial ≤ 104 is
relevant for the analysis of the results and justifies the use of ηLUT.
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Figure C.5: Key Extraction Efficiency - Look Up Table. The heatmap shows the value
of ηLUT (Eq. (C.15)) as a function of the block length and the estimated QBER.
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Appendix for Chapter 9

D.1. Pointing jitter statistics
The PDF of the pointing jitter will determine the PDF of the optical power captured
by the received aperture. The latter is the one that will determine the communication
performance of the system. Hence, it is crucial that the pointing jitter PDF is correctly
treated mathematically. Usually, the pointing jitter is given as a function of the angular
deviation from the optical axis between the communicating terminals (in µrad or mrad
units). To convert this into a PDF in the deviation from the optical axis in the receiver
aperture plane, the change of variable θ −→ r has to be performed, where θ is the
angular deviation from the optical axis in the transmitter and r is the radial deviation
between the optical axes in the receiver aperture plane. Using probability theory, the
change in variables r = g(θ) from a scalar to scalar given by a monotonic function for
the change of variables g : R −→ R

fR(r) = fΘ
(
g−1(r)

) ∣∣∣∣ ddr (g−1(r)
)∣∣∣∣ . (D.1)

In our case, g(θ) = r = z tan θ where z is the distance between the aperture planes.
Given that the PDF of θ will in general be given a Rice distribution,

fΘ(θ) = θ

2πσ2 exp
(

−(θ2 + θ2
0)

2σ2

)
J0

(
θ θ0

σ2

)
, (D.2)

the probability density function (PDF) of the radial deviation in the aperture plane
will be given by

fR(r) = arctan(r/z)
2πσ2 exp

(
−(arctan2(r/z) + θ2

0)
2σ2

)
J0

(
arctan(r/z) θ0

σ2

)(
z

r2 + z2

)
.

For the special case in which θ0 = 0 (the PDF of the angular pointing jitter follows a
Rayleigh distribution),

fR(r) = arctan(r/z)
2πσ2 exp

(
− arctan2(r/z)

2σ2

)(
z

r2 + z2

)
. (D.3)
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Small angle approximations θ ≈ tan θ ≈ r/z << 1, and hence arctan(r/z) ≈ r/z −
(r/z)3/3 + ... and r2 << z2 Hence to first order the previous PDF

fR(r) = r

2π (σz)2 exp
(

−(r2 + r2
0)

2 (σz)2

)
J0

(
r r0

(σz)2

)
, (D.4)

where r0 = zθ0 and

fR(r) = r

2π (σz)2 exp
(

−r2

2 (σz)2

)
, (D.5)

which are the Rice and Rayleigh distributions for the radial deviations. This PDF will
be valid in the small angle approximation. Figs. D.1a and D.1b show the difference
between the exact PDF and the approximated PDF. It is seen from these figures that
the small angle approximation is valid for the orders of magnitude that usually appear
in free-space optical and quantum communication (∼ µrad-mrad).

D.2. Received power statistics: Gaussian beam
The PDF of the received power in an intersatellite link under pointing errors is going
to be defined by the irradiance distribution at the receiver aperture and the PDF of
the radial displacement of the center of the field due to the transmitter pointing jitter.

At a given instant of time, the power captured by the receiver aperture is given by
the integral of the irradiance at the receiver aperture, hence:

P =
∫ b

a

∫ 2π

0
I(r′, ϕ) r′dϕdr′ =

∫ ∫
Rap

I(x, y) dxdy, (D.6)

where I(r′, ϕ) is the irradiance pattern in the receiver aperture plane. a and b are the
inner and outer radii of the receiver telescope aperture. Considering an azimuthally
symmetric irradiance field, I = I(r′), the field at a given instant of time will be

I(r′) = Ic(r′ − r) −→ I(x, y) = Ic(x− x0, y − y0), (D.7)

where Ic is the far-field distribution in the beam-centered situation and r is the radial
displacement of the beam center from the optical axis of the receiving telescope. This
displacement is characterized by a PDF (see App. D.1). In turn, the received power
Eq. (D.6) will also be characterized by a PDF that can in general be obtained by

fP(P ) = fXY
(
g−1(P )

) ∣∣∣∣ ddP (g−1(P )
)∣∣∣∣ , (D.8)

where the several terms appearing in this equation can be written as:

• fXY(x0, y0) is the PDF of the transmitter pointing error, which, for the small
angle approximation and Gaussian PDF in azimuthal and elevation angles, can
be written as

fXY(x0, y0) = 1
2π(σz)2 exp

(
− (x0 − xb)2 + (y0 − yb)2

2(σz)2

)
, (D.9)
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Figure D.1: Comparison between the exact expression in Eq. (D.3) and the small-angle
approximation in Eq. (D.5) for the pointing jitter PDF, for different jitter standard
deviations. The average errors are (a) 1.2 × 10−12, (b) 1.2 × 10−9, and (c) 4.5 × 10−7.

fXY(x0, y0) = 1
2π(σz)2 exp

(
−x2

0 + y2
0

2(σz)2

)
, (D.10)

where σ is the standard deviation of the azimuthal and elevation angles, and xb
and yb are the boresight errors in both axes. The second expression is for zero
boresight error. The previous has been obtained considering that the azimuthal
and elevation angles are both independent of each other and have the same
standard deviation.

• P = g(x0, y0) is the function giving the received power as a function of the
decentering of the beam. Hence combining Equations (D.6) and (D.7),

g(x0, y0) =
∫ ∫

Rap

Ic(x− x0, y − y0) dxdy. (D.11)

To obtain an explicit expression of the PDF of the received power, this relation
has to be inverted to obtain g−1(P ). In general, this relation will not be invertible
for most of the far-field intensity distributions. Specifically, looking at the usual
function describing the PDF of the decenter coordinates in Equations (D.9) and
(D.10) we will be interested in inverting the relation and obtaining an explicit
form of (x0 − xb)2 + (y0 − yb)2 or x2

0 + y2
0 as a function of the received power P .

In general, any arbitrary function is obtained for g(x0, y0) will not be invertible in the
sense above stated. Hence, this demonstrates that in general, the explicit expression of
the PDF of the received power is not obtainable. However, under certain approxima-
tions, some analytical approximations can be obtained in the Gaussian beam case as
shown in the next subsections.

D.2.1. Approximation 1: Gaussian beam and w ≫ b

However, we can check if there is a solution under certain simplifications and assump-
tions, and if these happen in practical scenarios.

1. The first assumption we are going to make is that the far-field intensity pattern
can be fairly described by a Gaussian beam. This is the case for
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(a) Untruncated Gaussian beams without secondary mirror. In this case, this
is strictly true in ideal conditions.

(b) Truncated beam with secondary mirror in the far-field. The diffraction
pattern due to the truncation and the obscuration will create several lobes.
However, the central lobe (carrying most of the beam power) can usually
be fairly well approximated to a Gaussian intensity pattern.

Under this assumption, the far-field intensity field will be given by

Ic(x, y) = I0 exp
(

−2
(
x2 + y2)
w2

)
, (D.12)

where I0 is the peak intensity at the center of the beam, and w is the beamwidth.

2. The variation of the irradiance I(x, y) across the receiver aperture is negligible
at any instant of time. This assumption is applicable under the condition that
the beamwidth of the far-field is much larger than the receiver aperture radius:

w >> b, (D.13)

this will be the case for relatively large divergence angles needed under relatively
large pointing errors in long-distance links. Under this condition, the integral in
Eq. (D.11) can be written as:

g(x0, y0) = Ic,eq(x0, y0) A, (D.14)

where Ic,eq is the equivalent irradiance and A is the area of the receiver aperture.
The equivalent intensity can be taken as the following of two possibilities:

Ic,eq(x, y) = Ic(x, y), (D.15)

Ic,eq(x, y) =

Ic(x, y) for x2 + y2 > b2,
1
2 (Ic(x, y) + Ic(x+ b, y + b)) for x2 + y2 < b2,

(D.16)

the first approximation is considering that the average irradiance of the far-
field across the receiver aperture is given by the irradiance at the optical axis
of the receiver aperture. This approach overestimates the received power when
more and more as the decentering approaches zero, x0, y0 −→ 0. The second
approximation (Fig. (D.16)) corrects this effect by averaging the irradiance in
the previous conditions.

Under these two assumptions, Eq. (D.11) can be calculated as

P = g(x0, y0) = I0 exp
(

−2
(
x2

0 + y2
0
)

w2

)
A, (D.17)

yielding to
P = g(x0, y0) =
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=

I0 exp
(

−2(x2
0+y2

0)
w2

)
A for x2 + y2 > b2,

1
2

I0A

(
exp
(

−2(x2
0+y2

0)
w2

)
+ exp

(
−2((x0+b)2+(y0+b)2)

w2

))
for (x − x0)2 + (y − y0)2 < b2,

(D.18)

for the approximations given by Equations (D.15) and (D.16), respectively. The second
expression can not be inverted, so it is no longer useful to obtain the received power
PDF. The first of them can be inverted to obtain

g−1(P ) = x2
0 + y2

0 = −w2

2 ln
(
P

I0A

)
, (D.19)

that finally gives the explicit PDF of the received optical power by using the Eq. (D.8)

fP(P ) = fXY
(
g−1(P )

) ∣∣∣∣ ddP (g−1(P )
)∣∣∣∣

= 1
2π(σz)2 exp

(
1

2(σz)2
w2

2 ln
(
P

I0A

))
w2

2P

= β

π
(I0A)−β

P β−1,

where β = w2

4(σz)2 . We can define the normalized power by dividing the power by the

maximum power that can be received in these conditions h′ = P/(I0A).

fPn
(h′) = 1

C
β h′ β−1,

where C = πI0A. No limitations have been included for the maximum power that
can be received, hence that value of p ∈ [0,∞). However, a physical limitation of
the system can be applied to convert this equation into a Beta distribution [151].
Under the simplification (2) w >> b and therefore considering the irradiance across
the aperture to be constant, the maximum power that can be received is Pmax = I0A.
Hence, under this consideration, the normalized power h′ can only range in h′ ∈ [0, 1].
As the functional form of this distribution is the same as a Beta distribution with
constant ξ = 1

fPn
(h′;β, ξ) = Γ(β + ξ)

Γ(β)Γ(ξ) h
′ β−1(1 − h′)ξ−1 −−→

ξ=1

fPn
(h′;β, 1) = Γ(β + 1)

Γ(β) h′ β−1 = β h′ β−1,

and this one is normalized
∫ 1

0 fPn
(h′;β, 1)dh′ = 1, the PDF of the normalized received

power follows a Beta distribution

h′ ∼ Beta(β, 1) −→ fPn
(h′) = β h′ β−1,

fPn
(h′) =

(
πw2

2A2

) β−1

β h′ β−1 0 ≤ h′ ≤ 2A2

πw2Pt
. (D.20)
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D.2.2. Approximation 2: Gaussian beam and Taylor expansion for the
power

A more accurate approach is presented in [175] that considers the variation of the
irradiance across the aperture of the detector:

fP(h) = γ2

Aγ
2

0
h γ

2−1 0 ≤ h ≤ A0, (D.21)

A0 = [erf(v)]2 , v =
√
πa√
2wz

, γ =
wzeq

2σ , wzeq = w2
z

√
πerf(v)

2v exp (−v2) ,

The assumptions and applicability for this equation are that (1) the beam is Gaussian,
(2) the nominal mean square error is below 10−3 for wz/b = 6 and below 1, 3 × 10−2

for wz/a = 2 and (3) no secondary mirror obscuration.
Another approach that considers the variation of the irradiance across the aperture

of the detector and non-zero boresight error is presented in [119]:

fP(h) =
γ2 exp

(
−s2

2σ2
s

)
Aγ

2

0
h γ

2−1I0

 s2

σ2
s

√√√√−wzeq
ln h

A0
2

 , (D.22)

A0 = [erf(v)]2 , v =
√
πa√
2wz

, γ =
wzeq

2σ , w2
zeq

= w2
z

√
πerf(v)

2v exp (−v2) , 0 ≤ h ≤ A0.

It can also be shown (see [154]) that although it is not invertible, the exact value of
the received power for a (1) Gaussian beam, without the (2) assumption, is given by
Marcum’s QMar function

P = Pt

[
1 −QMar

(
2d
wz
,

2b
wz

)]
, (D.23)

where Pt is the transmitted power and d is the radial error in the aperture plane.

D.2.3. Approximation 3: Gaussian beam and Taylor expansion for the
power with receiver secondary mirror

In a similar manner, the received power statistics for a receiver with a secondary mirror
can be obtained. The normalized received power h = P/Pt considering a Gaussian
beam with a pointing error given by r0 is

h ≈
∫∫

S

2
πw2

z

exp
(

−2(x− r0)2 + y2

w2
z

)
dxdy, (D.24)

where S is the approximated aperture of the receiver shown in Fig. D.2. With the
Taylor expansion shown in [175] for the approximated squared aperture, the integral
approximation above can be computed as

h(r0) ≈
∞∑
l=0
even

(Bl −Al)
(√

2r0

wz

)l
, (D.25)
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where

Bl = 2E√
π

∞∑
m=l+1

odd

(−1)(m−1)/2

(m)
(
m−1

2
)
!

(
m

l

)( √
πb√

2wz

)m−l

, (D.26)

Al = 2E√
π

∞∑
m=l+1

odd

(−1)(m−1)/2

(m)
(
m−1

2
)
!

(
m

l

)( √
πa√
2wz

)m−l

, (D.27)

considering only the first two terms of the expansion

B0 = [erf(vb)]2 , B2 = −2√
π

erf(vb)
[
vb erf(−v2

b )
]
, (D.28)

A0 = [erf(va)]2 , A2 = −2√
π

erf(va)
[
va erf(−v2

a)
]
, (D.29)

where
vb =

√
πb√

2wz
, va =

√
πa√
2wz

, (D.30)

considering only the first two terms of the expansion, we obtain

h(r0) ≈ (B0 −A0) + (B2 −A2)
(√

2r0

wz

)2

, (D.31)

that equating to a Gaussian function

C exp
(

− 2r2
0

w2
zeq

)
, (D.32)

gives

(B0 −A0) + (B2 −A2)
(√

2r0

wz

)2

= C exp
(

− 2r2
0

w2
zeq

)
. (D.33)

Expanding the Gaussian function in a Taylor series to the first two terms gives

(B0 −A0) + (B2 −A2)
(

2r2
0

w2
z

)
= C − C

(
2r2

0
w2
zeq

)
, (D.34)

C = B0 −A0, (D.35)

w2
zeq

=
∣∣∣∣A0 −B0

B2 −A2

∣∣∣∣w2
z . (D.36)

Hence, the PDF of the received power for a Gaussian beam with a secondary mirror
receiver under Rayleigh pointing errors is

fP(h) = γ2

Cγ2 h
γ2−1, (D.37)
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Figure D.2: Approximation of the received power to squared aperture and obscuration

As we did for the case without a secondary mirror, when there is a boresight error,
the PDF will be

fP(h) =
γ2 exp

(
−s2

2σ2
s

)
Cγ2 h γ

2−1I0

 s2

σ2
s

√√√√−wzeq
ln h

C
2

 . (D.38)

D.3. Validation of the code
The analytical approximations presented above, are valid under certain approxima-
tions that are not always applicable. Indeed, the far-field intensity distributions gen-
erated by combining Laguerre-Gaussian beams as proposed in this paper will not have
a closed expression in general for the received power PDF. Therefore, it is necessary
to numerically compute the received power PDF, from which the ABEP and outage
probabilities can be obtained.

Given a PDF of the pointing jitter in the far-field, and by obtaining via the convo-
lution theorem presented in §6-§9 the received power as a function of the decenter of
the beam (the Fourier transforms are computed through 2D-fast Fourier transforms),
the PDF of the received power can be computed in two ways numerically:

• Monte Carlo simulations

• Numerical derivation and evaluation of

fP(P ) =
n(P )∑
k=1

∣∣∣∣ ddP g−1
k (P )

∣∣∣∣ · fR
(
g−1
k (P )

)
. (D.39)

Both models have been implemented in the code to compare them and the results are
shown in Figs. D.3a-D.3c. For the results presented in §9, the numerical derivation
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and evaluation has been performed as the Monte Carlo simulations became very com-
putationally costly as the probabilities that want to be captured get smaller (i.e. to
capture probabilities of outage on the order of ∼ 10−8 at least ∼ 109 simulations have
to be performed for each of the points of interest).

In Figs. D.3a the validity of the analytical approximation can be seen. As expected
given the assumptions made to obtain this approximation, as the beamwidth in the far-
field gets smaller the effect of integrating in an equivalent squared area and expanding
in a Taylor series will be larger and larger. Indeed, it can be seen in this figure that for
a beamwidth that is approximately 1000 times the aperture of the receiver, wz/σ ≈ 1
the error is already quite significant.
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Figure D.3: Comparison of the results obtained with different calculation methods for
three beam configurations: (a) fundamental Gaussian beam LG00, (b) combination of
LG00 and LG10, and (c) combination of LG00 and LG20. In all cases, Pt = 23 dBm,
b = 0.1 m, σ = 100 m, and a0 = 0.25 for the combined beams. The analytical curves
correspond to Eq. (D.21).





Appendix E

Appendix for Chapter 10

This appendix provides supplemental information complementary to §10. It begins by
presenting the objective and performance of the Gaussian beam cleaning stage. Next,
the mathematical model used to generate the simulated beam shapes is described,
followed by a discussion of the retrieval of the Gaussian beam at the fiber collima-
tor aperture. The development of the spiral phase plate (SPP) generated beam and
its comparison with Laguerre–Gaussian beams are presented in E.4. E.5 introduces
the sensitivity analysis of the beam shape with respect to lateral and angular mis-
alignments of the SPP. Finally, an extended set of results is provided, including the
measured and simulated beam shapes and the expected average bit error probability.

E.1. Gaussian beam cleaning stage
In order to get closer to the ideal beam shapes proposed theoretically in §9, it is
of utmost importance to have a clean Gaussian beam at the input of the system.
“Clean” here means a Gaussian beam with as few wavefront aberrations as possible.
The 532 nm diode laser source (1 mW power) that was used had quite significant aber-
rations, which substantially affected the beam shape obtained with the experimental
setup. To fix this issue, a beam-cleaning stage was set up using a single-mode fiber
(SMF) filtering stage. Although a pinhole solution was also considered for cleaning the
wavefront errors of the source laser, a simpler solution is provided by the fiber-filtering
stage in this case. Furthermore, in many satellite free-space optical communication
transmitter terminals, optical fiber amplifiers and fiber-coupled modulators are used
[108, 486, 487]. Hence, this beam-cleaning stage would be provided intrinsically by
those systems in a terminal using the proposed beam-shaping optical setup. Therefore,
although in the breadboard setup the beam-cleaning stage yields fiber-coupling losses,
these losses would be avoided in a fiber-coupled transmitter modulator of a satellite
free-space optical communication terminal (and will therefore not be analyzed in this
manuscript).

Fig. E.1 shows the shapes of the Gaussian and SPP-generated (ℓ = 2) beams
obtained with and without the fiber beam-cleaning stage. It can be seen that the

283
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Figure E.1: Experimentally measured beams without and with SMF filtering stage (a)
beam outgoing the laser source, (b) beamshaping of the beam in (a) with an ℓ = 2 SPP,
(c) Gaussian beam outgoing the fiber collimator after the SMF filtering stage and (d)
beamshaping of the beam in (c) with an ℓ = 2 SPP. The size differences between the
different rows are due to propagation distance and the fiber collimator lens.

aberrations (with a high spherical-aberration component) have a very large impact
on the shape of these beams. First, the beam coming from the source (expected to
be Gaussian) has several rings around it and is quite radially asymmetric. Although
the singularity of the SPP still yields a null intensity at the center, the beam shape
obtained for the non-SMF-filtered beam is far from that of a Laguerre–Gaussian beam.

In summary, Fig. E.1 shows the necessary and critical improvement provided by
the Gaussian beam-cleaning stage in the proposed optical setup. This stage will allow
one to obtain far-field Gaussian and higher-order annular beam superpositions with
the desired accuracy (compared to the analytical ideal shapes).

E.2. Model: Fourier optical propagation and Jones matrices
To validate the experimental results, a Fourier optics based simulation tool was devel-
oped. The propagation tool uses the Fresnel and Fraunhofer approximations [8, 364]
to obtain the field amplitude and phase at any location in the experimental setup.
The model not only includes the scalar field numerical calculations given by Fourier
optics, but also incorporates the Jones formalism to account for potential polarization
phenomena occurring in the system.

The model starts with a given Gaussian beam at the aperture of the fiber collimator
(output of the Gaussian beam-cleaning stage). The light is considered to be polarized,
and two complex scalar matrices containing the x- and y-polarized fields are propa-
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gated through the system. These matrices are affected element-wise by the rotatable
half-wave plate (RHWP), implemented through the corresponding Jones matrix [139].
Then, again element-wise, the polarization beam splitter (PBS) is implemented in the
model, accounting for the leakage and crosstalk that were previously calibrated.

At this stage, after the PBS, the complex matrices corresponding to the x and y
polarization states describe the system for each of the paths (Gaussian and SPP path).
The mirrors are also modeled, accounting for polarization effects due to reflection. The
effect of propagation of the field from the collimator to the SPP is implemented by
propagating each of these matrices with Fourier optics from the collimator aperture
to the aperture of the SPP. At this point, the complex matrices corresponding to
the Laguerre–Gaussian path are multiplied by a eiℓφ phase factor accounting for the
helical wavefront induced by the SPP with topological order ℓ.

Before propagating to the plane at which the camera is located, the effects of the
polarization beam combiner (PBC) are included element-wise in a similar manner to
how this was done for the PBS. Finally, the four matrices (two polarizations for the
two paths) are combined into two complex matrices (two polarizations), and each
of these is propagated to the far-field plane with Fresnel or Fraunhofer propagation,
depending on the distance of interest.

E.3. Retrieval of Gaussian beam profile after the collimator
Using the propagation tool described above, the experimental results can be compared
with the numerical predictions provided by Fourier propagation and Jones polarization
models. From the datasheet of the fiber collimator, the beam waist w0 of the Gaussian
beam at the aperture of the collimator was obtained. This beam waist was then used
as an input parameter in the developed model, and the resulting simulations were
compared with the experimental images.

A mismatch between the simulated and experimental results is evident in Fig. E.2.
Although the overall beam shapes agree well, the simulation does not correctly repro-
duce the size of the beams observed experimentally.

By examining several experiments and running additional simulations, it was found
that the source of this mismatch was an incorrect assumption in the model. The
hypothesis was that the Gaussian beam exiting the collimator has its beam waist at
the aperture of the collimator –hence, that the wavefront is planar at the aperture; see
Fig. E.3(a). However, it was found that this is not the case, and that the wavefront
at the aperture of the collimator is instead slightly diverging (see Fig. E.3(b)). By
performing a grid search over the beam waist w0 and the radius of curvature of the
wavefront Rcol at the aperture of the collimator, it was found that the following values
are consistent with the experimental results:

w0 = 1.19 mm, Rcol = 12 m at the aperture of the collimator. (E.1)

These values were obtained by simulating the far-field irradiance (at the camera
plane) for different values of the beam waist and the radius of curvature of the Gaussian
beam at the aperture of the collimator (see Fig. E.4). The results of these simulations
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Figure E.2: Comparison between the experimental and simulated beams before the
Gaussian beam retrieval. All the fields are normalized to unit power and the relative
error is the normalized subtraction of the experimental and simulated beams.

Figure E.3: Illustration of the Gaussian beam exiting the fiber collimator (a) Gaussian
beam waist at the aperture of the collimator and (b) Gaussian beam slightly diverging
at the aperture of the collimator.

were then compared with the experimentally obtained images to obtain the R2 =
1 −

∫∫
|Isim − Iexp|2 dx dy values.

The simulations were performed in two extreme cases: when the beam is purely
Gaussian (RHWP angle at 45◦) and when it is purely SPP-generated with topological
order ℓ = 2 (RHWP angle at 0◦). It can be seen in the figures that the maximum R2

is obtained for the values corresponding to those given above, for both the Gaussian
and SPP-generated cases. Similar results where obtained for the SPP-generated ℓ = 1
beam shapes.

After including this initial divergence of the Gaussian beam exiting the fiber col-
limator ((E.1)), very good agreement between the experimental and simulated irradi-
ance fields is obtained for all combinations of the Gaussian and SPP-generated beams,
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Figure E.4: R2 values of the (a) Gaussian and (b) SPP-generated beam shapes as a
function of the beamwaist w0 and the radius of curvature R of the Gaussian beam at
the aperture of the collimator. (c) is the product of (a) and (b).

as shown in Fig. E.5. In this way, the retrieval of the Gaussian beam parameters at
the aperture of the collimator was successfully achieved.

Figure E.5: Comparison between the experimental and simulated beams after the Gaus-
sian beam retrieval with the values obtained in Eq. (E.1). All the fields are normalized
to unit power and the relative error is the normalized subtraction of the experimental
and simulated beams.

E.4. Development of the annular beam and far-field equation
A SPP imparts a helicoidal wavefront to a beam propagating through it. It is often
assumed [389, 525] that when a Gaussian beam passes through an SPP of topolog-
ical order ℓ (and radial order p), the resulting field in the far-field (z → ∞) is a
Laguerre–Gaussian (LG) beam with topological order ℓ and radial order p = 0. This
statement, however, is not strictly correct: a Gaussian beam incident on an SPP does
not generate an exact LG mode.

As discussed in Refs. [474, 488], SPPs generate beams carrying orbital angular



288 E. Appendix for Chapter 10

momentum (OAM) with topological order ℓ. In this sense, since these beams carry
OAM and exhibit an annular intensity profile, they closely resemble LG beams with
topological order ℓ. Moreover, their decomposition in the LG modal basis yields a
dominant contribution from the corresponding LGℓ,0 mode. Nevertheless, the far-field
profile of an SPP-generated beam is not exactly that of a Laguerre–Gaussian beam of
order ℓ.

In this section, we first present the field resulting from a Gaussian beam pass-
ing through an SPP and analyze its propagation. We then provide an analytical
derivation of the corresponding far-field distribution and compare it with that of ideal
Laguerre–Gaussian beams.

E.4.1. Development of the annular beam

To study the formation of the annular beam, the field along the SPP arm of the setup
(with the Gaussian reference path blocked) was measured and numerically simulated
at several distances from the SPP. Fig. E.6 shows the evolution of the beam profile
at experimentally accessible propagation distances. Although the phase singularity
introduced by the SPP creates an intensity null at the beam center –giving rise to an
annular structure– the ring is not fully developed immediately after the SPP. Instead,
the annular profile becomes more pronounced as the propagation distance increases.

E.4.2. Far-field equation derivation

As discussed above, the beam generated by an SPP is not an exact LG mode. More-
over, even if one were to approximate it as such, its transverse size would still differ
from that of an LG beam with the same topological order ℓ and beam waist w0 as
the incident Gaussian beam. In particular, the SPP-generated beam exhibits a larger
beam width than an ideal LGℓ,0 mode under the same initial conditions.

Fig. E.7 illustrates these differences in beam shape and size. In Fig. E.7(a), the
free-space propagation of a Gaussian beam is shown. If a Gaussian beam incident on
an SPP were to generate an ideal Laguerre–Gaussian beam, its subsequent propagation
would be as depicted in Fig. E.7(b). In this hypothetical case, both the Gaussian beam
in (a) and the LG beam in (b) would share the same beam width w(z) at a distance
z from the beam-waist (or SPP) plane.

In reality, however, the situation corresponds to Fig. E.7(c): the beam produced
by the SPP is neither an exact LG mode nor does it preserve the same beam width
as in the idealized case. Instead, the SPP-generated beam expands more rapidly,
resulting in a larger transverse size than that of the corresponding LG beam shown in
Fig. E.7(b).

To prove the previous, we will compare the analytical expression of the LG beam
and the analytical expression of the far-field propagation of an SPP-generated annular
beam. Consider first the analytical equation for the LG beam of topological order ℓ
and radial order p

upℓ (r, ϕ, z) ∝ 1
w(z)

(
r
√

2
w(z)

)|ℓ|

exp
(

− r2

w2(z)

)
L|ℓ|
p

(
2r2

w2(z)

)
(E.2)
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Figure E.6: Development of the SPP-generated annular beam with ℓ = 2 at different
distances z from the SPP.

× exp
(

−ik r2

2R(z)

)
exp(−iℓϕ) exp(iψ(z)), (E.3)

where L|ℓ|
p are the generalized Laguerre polynomials and

w(z) = w0

√
1 +

(
z

zR

)2
Beamwidth, (E.4)

R(z) = z

[
1 +

(zR

z

)2
]

Wavefont radius of curvature, (E.5)

ψ(z) = (|ℓ| + 2p+ 1) arctan
(
z

zR

)
Gouy phase. (E.6)

In the idealized case of a Laguerre–Gaussian beam, the far-field beam width w(z)
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Figure E.7: Illustration of the SPP-generated beam propagation, (a) Gaussian beam
through vacuum, (b) illustration of the LG beam that could be expected to be generated
by an SPP, and (c) illustration of the SPP-generated beam.

at a distance z is given by Eq. (E.4), as illustrated in Fig. E.7(b). To demonstrate
that the beam generated by an SPP is neither an exact Laguerre–Gaussian mode
nor characterized by this same beam width w(z), we analytically evaluate the far-field
propagation of a Gaussian beam impinging on an SPP placed at the beam-waist plane.

Specifically, we perform a Fraunhofer (far-field) propagation of a Gaussian field
modified by the phase profile of the SPP. In polar coordinates, the Fraunhofer diffrac-
tion integral for a field U(ρ′, θ′) in the source plane is given by

UFF(ρ, θ, z) = eikzeik
ρ2
2z

iλz

∫ 2π

0
dθ′
∫ ∞

0
ρ′dρ′ U(ρ′, θ′)e−i 2π

λz ρρ
′ cos(θ−θ′). (E.7)

In the case of interest, the field U(ρ′, θ′) is given by a Gaussian beam in its beamwaist
impinged by a helicoidal phase of topological order ℓ (the phase induced by the SPP)

U(ρ′, θ′) ∝ e−ρ′2/w2
0eiℓθ

′
. (E.8)

Combining both, we have

UFF(ρ, θ, z) ∝ eikzeik
ρ2
2z

iλz

∫ 2π

0
dθ′
∫ ∞

0
ρ′dρ′ C e−ρ′2/w2

0eiℓθ
′
e−i 2π

λz ρρ
′ cos(θ−θ′)

∝ eikzeik
ρ2
2z

iλz

∫ ∞

0
ρ′dρ′ C e−ρ′2/w2

0

∫ 2π

0
dθ′eiℓθ

′
e−i 2π

λz ρρ
′ cos(θ−θ′). (E.9)
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Using the Jacobi-Anger expansion,

eiz cos θ ≡
∞∑

n=−∞
in Jn(z) einθ,

where Jn(z) is the Bessel function of the first kind of order n, we have that the integral
over θ′ in Eq. (E.9) can be solved as∫ 2π

0
dθ′eiℓθ

′
e−i 2π

λz ρρ
′ cos(θ−θ′) =

∫ 2π

0
dθ′eiℓθ

′

( ∞∑
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inJn
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)
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ineinθJn
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]

=
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ineinθJn
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−2πρρ′
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)
2π δℓ,n

]
= 2π iℓeiℓθJℓ

(
−2πρρ′

λz

)
,

Introducing this result in Eq. (E.9), we have that

UFF(ρ, θ, z) ∝2π iℓeiℓθ e
ikzeik

ρ2
2z

iλz

∫ ∞

0
ρ′dρ′ e−ρ′2/w2

0 Jℓ
(

−2πρρ′

λz

)
∝2π iℓeiℓθ e
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︸ ︷︷ ︸, (E.10)

where In(x) is the modified Bessel function of the first kind of order n. This analytical
propagation expression does not share the same functional form in polar coordinates
as the LG beams given in Eq. (E.2). It can be shown that, in the limit z → ∞, the
underbraced factor in Eq. (E.10) scales as ρℓ, which suggests an apparent correspon-
dence between the SPP-generated beam and a Laguerre–Gaussian beam. However,
approximating only this factor is not mathematically rigorous, since the accompanying
exponential term exp

(
−π2ρ2w2

0/2λ2z2) must be treated on the same footing.
This analysis, therefore, demonstrates that a Gaussian beam incident on an SPP

does not result in a LG beam in the far-field. It is also important to note that
the observed discrepancy cannot be attributed to a simple rescaling of the radial
coordinate. This can be understood from the fact that there is no known relation
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between the underbraced factor in Eq. (E.10) and the r|ℓ| factor appearing in Eq. (E.2).
To illustrate this discrepancy, a direct comparison between the SPP-generated beam
and the corresponding LG beam is shown in Fig. E.8.

To generate an exact LG beam using a SPP, an additional transmission screen
would need to be placed at the aperture plane of the SPP. This transmission screen
would require a position-dependent transmission function matching the desired LG
mode. In this case, the field at the combined aperture of the SPP and transmission
screen would be

U(ρ′, θ′) ∝ e−ρ′2/w2
0 eiℓθ

′
ρ′|ℓ|, (E.11)

for a radial index p = 0. In this expression, the first term represents the incident
Gaussian beam, the second term corresponds to the helical phase imposed by the SPP,
and the third term describes the transmission screen necessary to produce an exact
LG mode of order p = 0 and topological order ℓ. For our beam-shaping application,
however, the use of such a transmission screen would introduce additional power losses,
which would be detrimental to the overall performance of the system.

Figure E.8: Comparison of the SPP-generated far-field beam obtained through Fraun-
hofer propagation in Eq. (E.10) and the LG beam in Eq. (E.2) for ℓ = 1, 2, 3 and p = 0.
The results obtained for the Fraunhofer propagation through numerical simulations us-
ing the fast Fourier transform are also shown for completeness.

E.5. Spiral phase plate alignment sensitivity analyses
For a potential future implementation of the proposed beam-shaping technique in
a satellite optical terminal, it is of utmost importance to assess how sensitive the
resulting beam profile is to misalignment between the SPP and the incident Gaussian
beam. In this section, we investigate two types of misalignment: lateral and angular.

A lateral misalignment corresponds to a transverse displacement of the SPP center
with respect to the center of the incident Gaussian beam. An angular misalignment,
on the other hand, refers to a tip–tilt of the SPP relative to the propagation direction
of the incoming Gaussian beam.
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E.5.1. Lateral misalignment of the SPP
First, we analyze the sensitivity of the beam shape to a lateral displacement of the
SPP with respect to the incident Gaussian beam. Fig. E.9 shows the simulated and
measured results for a lateral offset of 200 µm. In addition to the very good agreement
between simulation and experiment, the impact of the misalignment is clearly visible.
The lateral displacement breaks the axial symmetry of the aligned beam and causes
the optical power to accumulate predominantly in a single lobe.

This effect must be avoided, as it would be highly detrimental to communication
performance. In particular, pointing jitter in a free-space optical link is typically
axially symmetric, and concentrating the power into a single lobe directs it toward a
region of lower capture probability in the far-field.

Fig. E.10 shows box plots of the relative errors for different values of lateral mis-
alignment. For an incident Gaussian beam width of w(z) ≈ 1.2 mm, the beam shape is
seen to be sensitive to displacements at the micrometer level. This implies that lateral
alignment tolerances below this order of magnitude are required. The exact tolerance
will depend on both the size of the incident Gaussian beam and the topological order
of the SPP.

Figure E.9: Effect of lateral misalignment of the SPP. The figure shows the simulated
and experimental results for a 200 µm displacement.

E.5.2. Angular misalignment of the SPP
Similar to the lateral case, a sensitivity analysis of the beam shape with respect to
angular misalignment of the SPP is presented in Fig. E.12. It is evident that the
alignment requirements for this degree of freedom are much more relaxed, as noticeable
distortions of the beam shape only appear for angular displacements on the order of
∼ 20◦ (see Fig. E.11). Although such large tilt angles could not be imposed with high
accuracy in the experimental setup, good agreement was nevertheless found between
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Figure E.10: Relative error bars obtained for different lateral displacement values.
The error bars are obtained by evaluating the statistics of the relative errors shown in
Fig. E.9 for each of the considered misalignments.

measurements and simulations at small misalignment angles.

Overall, these results demonstrate that the SPP is highly resilient to angular mis-
alignments. Consequently, significantly greater attention must be devoted to control-
ling lateral alignment in optical setups of this type, as it represents the dominant
source of beam shape degradation.

Figure E.11: Simulated results of the SPP-generated beam under angular misalign-
ments of 30◦ and 40◦.
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Figure E.12: Simulated results of the relative error bars as a function of the angular
misalignment angle.

E.6. Extended results

E.6.1. Beamshapes

In this section, we present an extended set of figures analogous to those shown in
Fig. 2 of §10. Figs. E.13–E.15 compare the measured and simulated beam profiles at
the camera plane for different topological orders of the SPP and for different RHWP
angles.

(a) ℓ = 1, RHWP angle = 45◦

(b) ℓ = 1, RHWP angle = 0◦

Figure E.13: Comparison of measured and simulted results for SPP ℓ = 1 at the
camera plane.
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(a) ℓ = 2, RHWP angle = 45◦

(b) ℓ = 2, RHWP angle = 0◦

Figure E.14: Comparison of measured and simulted results for SPP ℓ = 2 at the
camera plane.

E.6.2. Intersatellite optical communication

In this section, we present the results for the average bit error probability (ABEP)
of the generated beams, following an approach analogous to that used for the outage
probability analysis in §10. We first assess the communication performance of the
system by comparing the results obtained using the beam shapes at the camera plane,
both from simulations and from experiments (for this purpose, the mathematical model
presented in §9.2 is used). These beam profiles are not yet fully developed and are
partially clipped due to the finite size of the camera sensor. Although these conditions
do not correspond to the expected far-field performance at the receiver plane, the
close agreement between experimental and simulated results demonstrates that the
numerical model accurately reproduces the measured beam shapes. This, in turn,
justifies extrapolating the simulated beams to the far-field in order to predict the
performance at the receiver aperture.

Fig. E.16 reports the optimal ABEP values obtained with these camera-plane beam
shapes, allowing both the beam size and the relative contributions of the Gaussian and
SPP-generated annular components to vary (through different RHWP angles). The
same system parameters as in Tab. 9.1 are used, with the pointing jitter set to 100 m.
From the results presented in Fig. E.16, it can be seen that the performances derived
from the experimental and simulated beam shapes are in good agreement. The data
in each row refers to a superposition of the Gaussian with an SPP-generated beam
of ℓ topological order, e.g., ℓ = {0} is only the Gaussian beam and ℓ = {0, 1} is the
superposition of a Gaussian beam with a SPP-generated beam of topological order 1.

Given this strong agreement between measured and simulated beam profiles at the
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(a) ℓ = 3, RHWP angle = 45◦

(b) ℓ = 3, RHWP angle = 22, 5◦

(c) ℓ = 3, RHWP angle = 0◦

Figure E.15: Comparison of measured and simulted results for SPP ℓ = 3 at the
camera plane.

camera plane, the numerical beams can be reliably propagated to the far-field to esti-
mate the expected real-world performance at the receiver. These far-field beam shapes
are both fully developed and no longer clipped. Two approaches are considered for this
propagation: a numerical Fraunhofer propagation using a fast Fourier transform and
an analytical far-field expression for the SPP-generated beams (see Eq. (E.10)). In ad-
dition, we also analyze the performance obtained when using ideal Laguerre–Gaussian
beams instead of the SPP-generated annular beams, as originally proposed in §9. The
corresponding ABEP results for these far-field beam shapes are reported in Fig. E.17.
The results presented here exhibit the same trends as those discussed for the outage
probability in §10.
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Figure E.16: Average bit error probability (ABEP) performance for the measured and
simulated beam shapes at the camera plane (clipped by the camera size, and not fully
developed beam shapes).

Figure E.17: Average bit error probability (ABEP) performance for LG beam shapes
and far-field beam shapes obtained with an SPP.
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Figure E.18: Experimental setup in the laboratory. The numbered elements indicate the
sequence of light propagation through the system. The blue and red colors correspond
to the Gaussian beam cleaning and beam shaping stages in Fig. 10.1. Neutral density
filter (NDF), coupling lens (CL), mirror (M), rotatable half-wave plate (RHWP), po-
larization beam splitter/combiner (PBS/PBC), and charge-coupled device (CCD).





Appendix F

Appendix for Chapter 11

This appendix provides supplemental information complementary to §11.

F.1. Variational analysis of the functional S[I(ρ)]
In this section, the variational approach is applied to functional S[I] to find the
optimum I(x, y) far-field irradiance. It is found that implementing the subsidiary
conditions and implementing the Weierstrass-Erdmann corner conditions for allowing
discontinuous solutions in I(x, y) does not solve the variational problem posed.

F.1.1. Formulation in ρ(P )
For a monotonical function g(ρ) the condition Eq. (11.6) becomes

FP (P ) =
∣∣∣∣ ddP ρ(P )

∣∣∣∣ · fR
(
ρ
)
.

And then assuming the small aperture approximation Eq. (11.4), we can directly solve
the functional, by transforming problem to one dealing with the functional S[ρ] =∫ Pth

0 FP [ρ, fR] dP where ρ(P ) is the inverse of the function of the power collected as
a function of the radial coordinate P = g(ρ). Considering that we have a Rayleigh
distribution for the pointing jitter radially fR(ρ),

FP = −ρ′ · ρ

2πσ2 exp
(

− ρ2

2σ2

)
,

given that as dg/dρ < 0, then ρ′ = dρ/dP < 0. The Euler-Lagrange equation associ-
ated with the variational problem is

∂FP
∂ρ

− ∂

∂P

(
∂FP
∂ρ′

)
= 0.
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Inputing the previous

∂

∂ρ
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)]
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)]
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(
− ρ2

2σ2

)
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ρ′ · (σ2 − ρ2)
σ4 exp

(
− ρ2

2σ2

)
= 0.

So the solution can not be found in this way.

F.1.2. Subsidiary condition
To narrow down the problem, the normalization condition given by the conservation
of energy can be included through Lagrange multipliers. The normalization condition
is

2π
A

∫
R+
g(ρ) ρ dρ = P0,

where g(ρ) is the inverse of the ρ(P ) function. For a monotonical function g(ρ) this
can be written in terms of its inverse as∫

R+
ρ2(P ) dP = P0A

π
, (F.1)

The augmented functional can be written as

S̃ =
∫ Pth

0
FP [ρ, ρ′, P ]dP + λ

(∫ ∞

0
ρ2(P ) dP − P0A

π

)
=
∫ Pth

0
FP [ρ, ρ′, P ]dP + λ

∫ Pth

0
ρ2(P ) dP + λ

(∫ ∞

Pth

ρ2(P ) dP − P0A

π

)
.

The variational ρ → ρ+ δρ is only performed in the region P ∈ [0, Pth], therefore the
variation of the augmented functional becomes

δS̃ =
∫ Pth

0

(
∂FP
∂ρ

− ∂

∂P

∂FP
∂ρ′

)
δρ dP + λ

∫ Pth

0

(
∂G
∂ρ

− ∂

∂P

∂G
∂ρ′

)
δρ dP,

where G = ρ2. This results in the Euler equation(
∂FP
∂ρ

− ∂

∂P

∂FP
∂ρ′

)
+ λ

(
∂G
∂ρ

− ∂

∂P

∂G
∂ρ′

)
= 0, P ∈ [0, Pth] .

Given that the first factor is zero, and substituting the expression for G we have

ρ(P ) = 0, P ∈ [0, Pth] .

On the other hand, the function ρ(P ) in the region P ∈ (Pth,∞) will have to be
so that it satisfies the condition given in Eq. (F.1).
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F.1.3. Weirstrass-Erdman corner conditions
The Weierstrass-Erdmann corner conditions can be considered when allowing discon-
tinuous solutions for the function of the functional being solved in the variational
problem [490]. In the case of interest, these conditions are

∂L
∂ρ′

∣∣∣∣∣
P=Pth−0

= ∂L
∂ρ′

∣∣∣∣∣
P=Pth+0(

L − ρ′ ∂L
∂ρ′

) ∣∣∣∣∣
P=Pth−0

=
(

L − ρ′ ∂L
∂ρ′

) ∣∣∣∣∣
P=Pth+0

,

where L = FP − λG is the augmented Lagrangian. This conditions become

�������������

− ρ

σ2 exp
(

− ρ2

2σ2

) ∣∣∣∣∣
P=Pth−0

=
�������������

− ρ

σ2 exp
(

− ρ2

2σ2

) ∣∣∣∣∣
P=Pth+0

,

(((((((((((((((((((((((([
−ρ′ · ρ

σ2 exp
(

− ρ2

2σ2

)
+ ρ′ ρ

σ2 exp
(

− ρ2

2σ2

)] ∣∣∣∣∣
P=Pth−0

=

(((((((((((((((((((((((([
−ρ′ · ρ

σ2 exp
(

− ρ2

2σ2

)
+ ρ′ ρ

σ2 exp
(

− ρ2

2σ2

)] ∣∣∣∣∣
P=Pth+0

,

in our case. So this also does not provide the condition that ρ(P ) has to fulfill to
minimize the functional S.

F.2. Proofs for §11.3
Proof 1. Here is a simple argument showing that you cannot have a collected finite
power at any displacement (x0, y0) of the beam in the real bidimensional plane

g(x0, y0) =
∫∫

R2
I(x, y) A(x− x0, y − y0) dx dy ≥ Pth ∀ (x0, y0) ∈ R2,

while at the same time having a finite total power of the beam

P0 =
∫∫

R2
I(x, y) dx dy < ∞.

1. Partition the plane into infinitely many disjoint translates of the annular aper-
ture. Let {(x(k)

0 , y
(k)
0 )}∞

k=1 be a collection of centers so that the sets

Ak = {(x, y) : a < (x− x
(k)
0 )2 + (y − y

(k)
0 )2 < b},

are pairwise disjoint. (You can do this because the plane admits a packing of
disjoint congruent annuli, the argument is also valid for other kinds of aperture
shapes)
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2. By hypothesis each translate carries at least Pth power∫∫
Ak

I(x, y) dx dy = g
(
x

(k)
0 , y

(k)
0
)

≥ Pth.

3. Since the Ak are disjoint, the total power is at least the sum over all k

P0 =
∫∫

R2
I(x, y) dx dy ≥

∞∑
k=1

∫∫
Ak

I(x, y) dx dy ≥
∞∑
k=1

Pth.

But
∑∞
k=1 Pth = ∞ (since Pth > 0), so this forces

P0 = ∞,

contradicting the finiteness assumption P0 < ∞.

Hence, it is impossible to have

g(x0, y0) ≥ Pth > 0 for all (x0, y0),

because that would force the total beam power P0 to be infinite.

Proof 2. Here we wish to proof that the bidimensional integral of the function
g(x0, y0) defined in Eq. (11.3) is finite,

G =
∫∫

R2
g(x0, y0) dx0 dy0 < ∞.

1. Write G as an iterated integral

G =
∫∫

R2

[∫∫
R2
I(x, y) A(x− x0, y − y0) dx dy

]
dx0 dy0.

2. By Fubini (all functions are nonnegative), swap the order of integration

G =
∫∫

R2
I(x, y)

[∫∫
R2

A(x− x0, y − y0) dx0 dy0

]
dx dy.

3. Observe that∫∫
R2

A(x− x0, y − y0) dx0 dy0 =
∫∫

R2
A(u, v) du dv =

∣∣A∣∣ < ∞,

where we have changed variables u = x−x0, v = y− y0. By hypothesis
∣∣A∣∣ (the

area of the aperture) is finite.

4. Hence

G =
∫∫

R2
I(x, y)

∣∣A∣∣ dx dy =
∣∣A∣∣ ∫∫

R2
I(x, y) dx dy =

∣∣A∣∣ P0 < ∞.
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Since 0 < P0 < ∞ and 0 < |A| < ∞, it follows that 0 < G < ∞.

Proof 3. Here we wish to proof that among all nonnegative g(x0, y0) with fixed
total mass ∫∫

R2
g(x0, y0) dx0 dy0 = G,

the one that maximizes the area

A =
∣∣{(x0, y0) : g(x0, y0) > Pth}

∣∣,
is a circular flat-top function of height Pth. Moreover, the maximum area that can be
covered is a circular area Amax with radius r0

Amax = G

Pth
=⇒ radius r0 =

√
Amax

π
=
√

G

π Pth
.

1. For any nonnegative measurable g one has the identity∫∫
R2
g(x, y) dx dy =

∫ ∞

0

∣∣∣{(x, y) : g(x, y) > t}
∣∣∣ dt.

In particular, split the integral at t = Pth:

G =
∫ Pth

0

∣∣{g > t}
∣∣ dt +

∫ ∞

Pth

∣∣{g > t}
∣∣ dt.

Since {g > t} ⊇ {g > Pth} for all t < Pth, we get a lower bound∫ Pth

0

∣∣{g > t}
∣∣ dt ≥

∫ Pth

0
Adt = Pth A,

where A := |{g > Pth}|. Also the second integral is nonnegative. Hence

G ≥ Pth A =⇒ A ≤ G

Pth
.

So no function can have
∣∣{g > Pth}

∣∣ larger than G/Pth.

2. Achieving the bound by a circ function. To see that the bound is attained,
simply take

g(x, y) =
{
Pth, x2 + y2 ≤ r2

0,

0, otherwise,
(F.2)

and choose r0 so that its total mass is G:∫∫
R2
g dx dy =

∫∫
x2+y2≤r2

0

Pth dx dy = Pth
(
π r2

0
) != G =⇒ r2

0 = G

π Pth
.

Then {g > Pth} is exactly the disk of radius r0, whose area is

π r2
0 = π

G

π Pth
= G

Pth
.



306 F. Appendix for Chapter 11

Proof 4. Below is a direct way to see that there is no nonnegative, compactly
supported function I(x, y) whose finite-aperture convolution

g(x0, y0) =
∫∫

R2
I(x, y) A

(
x− x0, y − y0

)
dx dy,

is exactly the sharp top-hat of radius r0 and height Pth. Furhtermore, the exact
solution in the small aperture approximation for the farfield irradiance I is obtained.

1. Let A(u, v) be aperture function of a finite aperture, say a disk of radius a

A(u, v) =
{

1, u2 + v2 ≤ a2,

0, otherwise.

Then g is the two-dimensional convolution of I with A.

2. In the Fourier domain, convolution becomes multiplication. Denoting by Ĩ(kx, ky),
Ã(kx, ky), g̃(kx, ky) the Fourier transforms,

g̃(kx, ky) = Ĩ(kx, ky) Ã(kx, ky) .

Hence any candidate I must satisfy

Ĩ(kx, ky) = g̃(kx, ky)
Ã(kx, ky)

.

3. But g̃ is the transform of a disk of radius r0 and height Pth:

g(x0, y0) =
{
Pth, x2

0 + y2
0 ≤ r2

0,

0, otherwise,

so
g̃(k) = Pth π r

2
0

2J1
(
|k| r0

)
|k| r0

, |k| =
√
k2
x + k2

y.

Likewise Ã(k) = π a2 (2J1(|k|a)/(|k|a)). Therefore

Ĩ(k) = Pth
r0

a

J1(|k| r0)
J1(|k| a) . (F.3)

4. The inverse Fourier transform (the Hankel transform of the first kind) of this
ratio is a function in polar coordinates given as

I(ρ) =
∫ ∞

0
Ĩ(k) J1(kr) ρ dρ, (F.4)

which in fact blows up and changes sign (because of the zeros of J1), so one
cannot get a strictly nonnegative, finite-supported I ≥ 0.
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5. However, for small aperture sizes a → 0 we can expand the Ã(k) as

lim
a→0

Ã(k) = a2

2 + O(a4). (F.5)

Hence, Ĩ(k) can be written as

lim
a→0

Ĩ(k) = 2Pthr0

a2 J1(|k| r0). (F.6)

Yielding the inverse Hankel transform

I(ρ) =


2Pthr0

a2 , ρ ≤ r0,

0, otherwise,
(F.7)

which is the flat-top beam. The normalization of the obtained flat-top might not
be correct due to the a → 0 approximation. To correctly normalize, the total
power normalization condition can be included.

Hence, there is no nonnegative function I of finite support whose convolution with a
finite aperture A is exactly the sharp flat-top function of radius r0. Equivalently, the
deconvolution kernel g̃/Ã has poles (zeros of Ã) and forces sign-changes. In practice,
one can only approximate the step-function g by choosing Ĩ = g̃/Ã through numerical
evaluation.

F.3. Ring flat-top beam
The reader could be wondering if a ring type flat-top of the kind

I(ρ) =


Pth

A
, r1 < ρ < r2,

0, else,

would be better than the flat-top, where the r1 and r2 are the inner and outer radius
of the ring and the power of the beam is P0. To show that in this case the optimum
is found when r1 = 0, hence a flat-top beam, we obtain the value of S for this shape
in a similar manner to what was done for the flat-top beam

S =
∫ r1

0
fR(ρ) dρ+

∫ ∞

r2

fR(ρ) dρ,

that under the condition that the power of the beam is P0 we have

π(r2
2 − r2

1)Pth

A
= P0 −→ r2 =

√
P0

πPth
+ r2

1,

and then the performance can be written as a function of r1 as

S(r1) =
∫ r1

0
fR(ρ) dρ+

∫ ∞√
P0

πPth
+r2

1

fR(ρ) dρ = 1
2π

[
1 + e−

r2
1

2σ2

(
e

− P0
2πPthσ2 − 1

)]
.
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Now we have to find the r1 at which S is minimum so

dS(r1)
dr1

= 0

= − r1

2πσ2

[
e−

r2
1

2σ2

(
e

− P0
2πPthσ2 − 1

)]
,

which has solutions at r1 = 0 and r1 → ∞. It can be seen that the extrema at r1 is a
minimum by the second derivative test

d2S(r1)
dr2

1

∣∣∣∣∣
r1=0

= 1 − e
− P0

2πPthσ2

2πσ2 > 0,

because P0/(2πPthσ
2) > 0 and σ2 > 0. Hence, we see that the ring flat-top of the

type analysed here, converges to the flat-top at its maximum performance.
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FDA finite difference analysis 42
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GEO geostationary orbit 40, 69, 70, 104, 116, 119, 122, 185
GS Gerchberg-Saxton 215–218
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HWP half-wave plate 148, 152

LEO low Earth orbit 40, 69, 70, 76, 104, 116, 119, 122, 146, 147, 178, 185
LG Laguerre-Gaussian 188, 191, 194, 195, 213, 217–219

MI maximum irradiance 243

OAM orbital angular momentum 34–36, 50, 53, 80–82, 87, 172, 231
OLR earth orbital long-wavelength radiation 39, 40
OOK IM/DD on-off keying intensity modulation direct detection 113, 114, 173
OPL optical path length 44, 45

PAT pointing, acquisition and tracking 33, 37, 38, 59
PBC polarization beam combiner 175, 189, 299
PBS polarization beam splitter 33, 34, 54, 148, 152, 174–176, 189, 285, 299
PDF probability density function 41, 42, 49, 50, 52, 55, 111–113, 115, 116, 118, 165–170,
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QBER quantum bit error rate 65, 73, 82–85, 231, 259, 269–271
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227, 231, 234, 235, 268–271
QWP quarter wave plate 33

RHWP rotatable half-wave plate 71, 174–177, 188–190, 192, 194, 285, 286, 295, 296, 299
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SAM spin angular momentum 34–36
SEA statistical energy analysis 43
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SNSPS superconducting-nanowire single-photon detectors 73, 74, 76, 78
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