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SUMMARY

Summary

Earth’s orbits are becoming increasingly crowded by new constellations of satellites with
constantly improving sensors, which drives fierce competition for space communications
bandwidth. The research undertaken in this thesis addresses this growing demand for
space communications bandwidth, by developing new methods for commissioning optical
communications ground stations. Space communications currently rely on free-space
signals in the radio-frequency part of the electromagnetic spectrum. However,
radio-frequency bandwidth is not keeping pace with the growing number of satellites and
advancements in Earth observation sensor technologies. Additionally, radio-frequency
signal beams diverge significantly on space-ground scales, thereby leading to overlapping
interference, spectrum crowding, and a reduction in power efficiency. Free-space optical
signals promise three-orders-of-magnitude of  bandwidth increase and
three-orders-of-magnitude reduced divergence, effectively eliminating spectrum crowding
and enhancing their power efficiency over radio frequency signals. Optical ground stations
on Earth will provide a point of contact for spacecraft equipped with free-space optical
communications terminals. New optical ground stations require methods for testing and
commissioning.

The current availability of spacecraft with optical communications terminals is
extremely low. Therefore, accessible spacecraft proxies are extremely valuable to
accelerate testing and development of the systems comprising the optical ground station.
This thesis documents methods for demonstrating and commissioning optical ground
station hardware, and also shows the conditions for translating commercial-off-the-shelf
fibre communications equipment to the free-space domain. The following work towards

this goal, and outcomes, are described herein:

¢ Simultaneous measurements of phase noise, angle-of-arrival variation, and intensity
scintillation were taken on a retroreflected, or ‘folded’ link, established with a
corner-cube retroreflector. Analytical models were formed to relate retroreflected
links to point-to-point links. Comparing the experiment with the models validates
the subsequent use of folded links for free-space optical communications

experiments.

¢ Demonstration of 100Gb/s coherent free-space optical communications over a
10.3 km retroreflected link. This was conducted on 52 wavelength-division
multiplexing channels, demonstrating the extremely high bandwidth available to
coherent free-space optical communications. No atmospheric stabilisation was used,
showing the absolute limits of intensity scintillation compatible with

commercial-off-the-shelf fibre networking equipment.
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SUMMARY

¢ Demonstration of 100 Gb/s coherent free-space optical communications to a drone
carrying a corner-cube retroreflector. The drone was flown across the sky, requiring a
prototype of an optical ground station to track the drone at angular rates equivalent
to, or exceeding, the angular tracking rates required to maintain contact with a

satellite in low-Earth orbit.

* Demonstration of high photon efficiency free-space optical communications to a drone-
borne retroreflector. This demonstration provides a methodology for ground station

operators to test their prototype systems for future lunar and deep-space missions.

These contributions advance knowledge in retroreflected free-space optical links and
provide a roadmap for those who wish to test and commission their own optical

communications ground stations.
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CHAPTER 1

Introduction

This chapter summarises the milestones in near-instantaneous, long-distance
communications, leading to increasing interconnectedness between societies. Historical
developments in communications signal transmission are described for both wired and

free-space links, and the advancements in these two types of links are shown to be closely

intertwined.
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CHAPTER 1. INTRODUCTION

1.1 History of Communications

The ability to communicate near-instantaneously over great distances extends the
influence of individuals and societies and thus has been a technological pursuit with
considerable consequences, particularly since the 19th century. Modern
telecommunications, that is, near-instantaneous communications extending beyond
line-of-sight or the reach of sound, underpins the dissemination of information for
entertainment, industrial, and military purposes.

Before electrically-mediated communications, telegraphing information over long
distances near-instantaneously was limited to visual or audible techniques, and, therefore,
restricted to smaller-scale environments such as battlefields. The historian Polybius
provides an account, from the fourth century BC, of a hydraulic semaphore using
torchlight for synchronisation [5]. This invention allowed secure communication between
Sicily and Carthage during the first Punic war, albeit with a very limited vocabulary due
to the limited number of symbols possible with the semaphore. Other pre-19th century
near-instantaneous telecommunications techniques included smoke signals, talking
drums, and semaphore telegraph towers [6]. All of these may be characterised as
low-bandwidth, referring to the quantity of information transferred in a given time. Long
distance, high-bandwidth communications were limited to written text carried by couriers,
and this was advanced by technological achievements, including mechanical reproduction
with the movable type press and mechanisation [7]. This thesis, however, is concerned
with the modern telecommunications paradigm and this began in earnest when the first
practical telegraphs were realised in the 19th century.

Theories of electricity and magnetism emerged between the early and late modern
periods, and provided the foundation for high-bandwidth, near-instantaneous
communications beyond line-of-sight. An electrical telegraph was proposed as early as
1753 by an anonymous writer [8], and a working telegraph was realised in 1816 [9].
Application of electromagnetic theory to telegraphy [10] explained how electromagnetic
fields propagate along a telegraph line at the speed of light (in the medium), leading to
improved understanding and designs for the conductive media used in wired links. Hertz’
discovery of free-space radio frequency (RF) radiation [11] paved the way for Marconi’s
demonstrations of free-space telegraphy [12], and this complemented wired telegraphy. At
the cusp of the 20th century, the All Red Line network of telegraph lines girded the planet,
connecting Commonwealth countries [13], and wireless telegraphy closed the gap where
cables could not be lain [14]. Analog voice and video transmission followed telegraphy,

along with improved techniques for modulation, transmission, and reception [15, 16].
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In the mid-to-late 20th century, digital communications superseded analog
communications and facilitated the beginning of the space age. This digital
communications regime came about because of the discovery of information theory [17]
and development of digital computing [18]. Information theory provided analytical tools to
estimate the error-free capacity of any noisy wired or free-space communications link,
using binary representation and error-correcting codes. Digital computers conveniently
became available at the same time, to practically implement error-correcting codes [18]. At
a similar point in history, the space race led to the use of artificial satellites for
telecommunications and Earth observation, as well as space exploration [19]. For now, RF
signals are the standard carrier signals for ground-space communications. Recently,
however, the potential for significant improvements to ground-space communication, by

using optical frequency signals, is now being realised [20—22].

Optical frequencies had been known to potentially provide higher bandwidths at longer
distances than RF signals in both wired and free-space links. The possibility of low-loss
optical fibres was proposed in the 1960s [23, 24], triggering the beginning of wired optical
frequency links. With careful manufacturing, optical fibres could guide optical frequency
signals with lower losses than wired RF links for equivalent distances. By the late 1980s,
optical fibre technology had advanced sufficiently to support large-scale terrestrial
networks [25]. Wired optical links now make full use of the spectrum available in the
1550 nm optical C-band, particularly due to improvements in modulation, detection, and
amplification technologies [26]. However, the benefits of optical frequencies have not yet
been fully realised in ground-space links because of the deleterious effects of atmospheric
turbulence on optical transmission. Thus, free-space RF links remain the standard means
of ground-space communications. Advancements in telecommunications [27], Earth
observation [28,29], and space exploration [30], demand increasing space-ground downlink
bandwidth. The bandwidth available to RF signals is not anticipated to be able to fulfil
this emerging demands. Furthermore, Earth’s orbits are becoming more crowded because
of reduced barriers-of-entry to satellite manufacturing and launch [31, 32]. Opportunities
for RF downlink will become more costly and competitive as a result of crowding. These
issues, along with advancements in optical frequency equipment for wired links, and
advancements in atmospheric stabilisation technologies for astronomy, have renewed
interest in free-space optical (FSO) communications for spacecraft. The following sections
outline the specific applications to benefit from FSO communications, the challenges, and

the current state of the art.
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1.2 Space Communications

In the middle of 2024, approximately 10,300 active artificial satellites supporting scientific
and commercial activities were recorded in the Space Track database [33]. Other
spacecraft are sent beyond Earth’s orbit on scientific exploration missions. Regardless of
their objective, all spacecraft must be able to communicate with Earth. Other than the
requirement to survive the physical conditions of outer space, a spacecraft’s ability to
transmit and receive communications to, and from, Earth is arguably the most important
design requirement.

FSO communications poses a comparative advantage over free-space RF
communications. Primarily, FSO communications will enhance space communications
with orders-of-magnitude larger bandwidth than RF signals. Divergence is another
important property for communications signals, describing the spreading angle of the
signal wavefront propagating from a transmitter aperture. Divergence angle is
proportional to the ratio of wavelength-to-aperture size of the transmitter [34]. For a given
aperture size, RF beams diverge at significantly greater angles than FSO beams, and the
implications of this to space communications are discussed.

Three space communications scenarios motivated this project. They are introduced in
this paragraph, with details provided in subsequent subsections, and Figure 1.1 provides
illustrations of each case. Figure 1.1a depicts communication with telecommunications
satellites in geostationary orbit (GEQO), approximately 35,000 km above Earth [35]. These
satellites bridge gaps in terrestrial networks by consolidating information from multiple
users into feeder links to ground stations. Next, Figure 1.1b depicts communication with
Earth observation satellites, carrying out scientific or commercial missions in low-Earth
orbit (LEO), approximately 500 km [35]. Depending on the specifics of the orbit, multiple
data downlinks per day may be required to offload the data collected from an Earth
observation satellite [36]. Last, Figure 1.1c represents communication with spacecraft in
the process of space exploration. This scenario involves extremely long distances, from
cislunar space approximately 300,000 km from Earth and beyond [30,37, 38].

These three scenarios share common characteristics, contrasting with other FSO
applications, such as inter-satellite links and quantum communications. First, they all
involve optical transmission through atmospheric turbulence. Inter-satellite links avoid
the atmosphere completely and therefore do not necessitate atmospheric stabilisation
technologies. Second, they utilise technologies compatible with existing communications
infrastructure. Quantum optical communications systems are currently experimental and

thus are not salient in discussions of existing infrastructure.
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Telecommunications satellite

Multiple Mb/s—Gb/s E Tb/s bidirectional

bidirectional feeder link
user links
\/ \/ \/
<«—>| Terrestrial network
User terminals and spotbeams Ground station and feeder beam
(a)
Earth observation satellite Earth observation satellite
E E Low-bandwidth
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Some time later High-bandwidth
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Figure 1.1: Illustrations of three space mission scenarios pertinent to free-space optical
communications: (a) geostationary telecommunications satellite acting as a relay to connect
gaps in a terrestrial network, (b) Earth observation satellite in low-Earth orbit observing
an area at one time, and communicating with a ground station at a later time, and (c)
spacecraft in deep space communicating with a ground station on Earth.
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1.2.1 Telecommunications Satellites

The RF signals of modern GEO satellites have carrier frequencies in the K/Ka-band and
Q/V-band, spanning 20 GHz to 50 GHz [27]. Also, at GEO distances, small angular pointing
errors at either end can lead to large deviations. Free-space transmissions at identical or
neighbouring frequencies can interfere, due to pointing errors and beam divergence.
Figure 1.1a depicts a telecommunications satellite operating as a relay to bridge gaps in a
terrestrial network. As shown in the left-hand-side of Figure 1.1a, multiple narrow RF
spotbeams are used to cover neighbouring areas with overlapping channels, efficiently
re-using the limited spectrum. Total throughput on the order of 1 Th/s for all aggregated
user links is possible, with careful design of the spotbeams [27], but this requires a feeder
link to match. Feeder links, depicted in the right-hand-side of Figure 1.1a, involve
relatively larger beams and a single ground segment receiver and cannot re-use the
spectrum in the same way as user links, ultimately limiting the utilisation of advances in
user link techniques.

Modern terrestrial fibre-optic communication equipment, on the other hand, operates
with carrier frequencies in the optical C-band, on the order of 193 THz [39]. A transition to
FSO communication will greatly improve the effectiveness of telecommunications
satellites, because of the relatively higher available bandwidth and lower beam divergence
than currently-used RF carrier signals. The optical C-band is divided into 102 channels
with 50 GHz spacing. The entire channel bandwidth can be used without cross-channel
interference, leading to potential throughput over 10 Th/s [40,41]. The European Data
Relay System, operating at 1064 nm is a pioneering FSO communications relay network
currently using a fraction of the available bandwidth to optical signals to support EU
space activities [42]. Progressing to fibre-like technology for telecommunications satellite

feeder links will allow the growing user demand to be met.

1.2.2 Earth Observation Satellites

Earth observation satellites are spacecraft equipped with sensors for capturing imagery
and other spectral data. They typically occupy LEO, close enough to the ground for high
resolution observations, but high enough to avoid significant atmospheric drag.
Figure 1.1b depicts an Earth observation mission. The satellite manoeuvres to observe a
predefined area and collects imagery. Later, the satellite will make contact with a ground
station to downlink the imagery, and to receive instructions for future manoeuvres. The
following paragraphs explain why FSO communications for downlinks from LEO is

becoming increasingly desirable.
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Opportunities to launch sub-1000 kg satellites to LEO are becoming more frequent and
cheaper [32]. Being closer to Earth, LEO also suits smaller and cheaper satellites,
assembled from modern, low-cost consumer microelectronics [31] less resistant to the
harmful radiation seen at higher orbits. Additionally, LEO is becoming occupied by
constellations of small commercial telecommunications satellites, such as Starlink [43,44],
in addition to Earth observation satellites. Communications signals transmitted by all
satellites diverge, with divergence angles proportional to their wavelength-to-aperture
ratios. This divergence can lead to interference, if two nearby satellites are transmitting at
similar frequencies. The telecommunications satellites, discussed in the Section 1.2.1, are
able to produce narrow RF beams by carrying transmitters with large apertures. For
Earth observation satellites, using FSO communications may be a more suitable solution,
because optical frequencies provide a wavelength-to-aperture ratio around 10,000 smaller
than RF for the same aperture size, mitigating the interference issue arising from an
increasingly populated LEO.

At the same time, the volume of data captured by Earth observation sensors is beginning
to exceed the bandwidth available with RF communication [36,45,46] and beyond the ability
of edge processing on orbit [47]. FSO communications promises to alleviate this second
issue, because, as stated, optical frequencies have much more bandwidth available than
RF. The possibility of terabytes of downlink volume per day, using FSO communications,

was shown in the TBIRD mission [22].

1.2.3 Space Exploration

Space exploration missions are currently supported by deep space ground station networks
operated by NASA [48], ESA [49] and commercial providers, such as Goonhilly Earth
Station [50]. Deep space networks rely on RF communications and dish antennas with
diameters on the order of 30 m. NASA’s Deep Space Network currently provide speeds up
to 150 Mb/s using the Ka band [48]. However, the rate is also contingent on the design of
the spacecraft’s communication system and the link distance, dropping off rapidly on
interplanetary scales. Boroson, advocating for deep space optical communications systems,
notes the state-of-the-art RF downlink rate from Mars was 6 Mb/s and, with a
back-of-the-envelope calculation, shows it would take decades to transmit even a relatively
low resolution map of Mars’ surface at this rate [37]. Trends in photonics and optical
technology are predicted to lead to Mars—Earth data rates on the order of Gb/s [30]. The
Lunar Laser Communications Demonstration (LLCD) was the first successful

demonstration of optical communications beyond GEO, achieving data rates up to
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622 Mb/s from lunar orbit. This result is to be followed by a 250 Mb/s downlink
demonstration from the Orion crew module as part of the Artemis II mission [51]. In
December 2023, NASA’s Psyche mission demonstrated 265 Mb/s downlink of a
pre-recorded video from a spacecraft 31 million kilometres away [52]. Another deep-space
optical communications terminal was also designed for an asteroid impact mission [38],
and may be repurposed for a space weather monitoring mission at the L5 Lagrange
point [53]. Deep-space optical communications is perhaps the most standardised mission
scenario of the three described, with a longstanding CCSDS standard for high photon
efficiency (HPE) signalling [54, 55]. The HPE standard emphasises simplicity and

maximising the number of bits-per-photon-received on the ground.

1.3 Optical Ground Stations

Spacecraft communications are supported by ground stations on Earth. RF
communications are at a level of maturity and ubiquity where all but the most specialised
applications can be supported by commercial off-the-shelf (COTS) solutions, including
services from commercial ground station providers [50]. However, optical ground station
(OGS) systems are mostly bespoke. An OGS is embodied by an optical telescope,
constructed from refracting or reflecting elements. Its purpose is to focus light from
space-borne transmitters onto a detector. The detector converts the optical signal to an
electrical one, with electronic communication systems downstream.  Atmospheric
turbulence reduces the amount of optical power coupled to these detector elements,

necessitating stabilisation systems to suppress the effects of atmospheric turbulence.

1.3.1 Atmospheric Stabilisation

Atmospheric temperature and humidity variations lead to variations in refractive index
along the path of an optical signal [56]. Wind transverse to the path also introduces time
variation to the refractive index structure. This leads to three negative, time-varying,
effects on FSO beams — random phase noise fluctuations, angle-of-arrival (AoA) variation,
and scintillation. It is necessary to develop and use stabilisation technologies, capable of
measuring and compensating for these deleterious effects to ensure robust FSO
communications.

Phase noise, or ‘zeroth order’ fluctuations, are caused by random changes in the
refractive index, and therefore the speed of light, in each turbulent eddy in the

atmosphere. Optical signal speed in a medium is a function of refractive index, so the net
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time-of-flight along the path changes with time, observed as phase noise. Atmospheric
phase noise sensing and correction is of interest in the field of frequency metrology [57,58],
where optical clock comparisons between low-phase-noise optical signal sources can be
disturbed by time-of flight fluctuations in the atmosphere [59]. In communications,
atmospheric-induced phase noise is insignificant compared to the intrinsic phase noise of
communications-grade lasers [60].

Changes in refractive index also cause angular, or ‘first order’ fluctuations, so
propagating optical signals experience time-varying changes in the AoA of the beam. The
signal intensity at a receiver varies with time as the signal is steered on and off the
receiver. Atmosphere-induced AoA variations are compounded by spacecraft and OGS
vibrations, adding additional pointing errors. AoA variation can be detected with imaging
sensors, sensitive to incoming beam position, such as the quadrant photodetector
(QPD) [57]. These sensors can feed back to active optical elements, such as a fast-steering
mirror (FSM), to correct for measured angular deviations; this arrangement is referred to
as first order adaptive optics (AO), or a tip-tilt (TT) system.

Scintillation occurs under sufficiently strong turbulence, where the wavefront of the
optical signal is affected by ‘higher order’ fluctuations. High order fluctuations appear as
speckle at the receiver. Qualitatively, the time-varying speckle leads to time variation in
the intensity of the optical signals, referred to as scintillation [61]. Under speckle, the
atmosphere limits the angular resolution of the OGS telescope, limiting the light-collecting
power of larger apertures. Higher order AO technologies may be used to suppress speckle,
and therefore stabilising scintillation occurring under strong turbulence. Traditionally,
these AO systems use a specialised wavefront sensor to measure the time-of-flight across
sections of a signal and feed back to a deformable mirror in the signal path, changing the
time of flight of sections of the signal [62]. This stabilises the variations in signal power
entering subsequent systems and improves the injection of optical signals into fibre. AO
systems are highly applicable to OGS operations to enable high fibre-coupling efficiency,

and therefore high-speed space-to-ground communications.

1.3.2 Optical Ground Station Demonstrations

OGS networks are not yet ubiquitous globally, and only a small number of space-ground
FSO communications demonstrations have been conducted in the last three decades. In
1995, Japan’s NICT reported on the earliest downlink with an OGS for their pioneering
FSO space-to-ground transmission from GEO at 1.024 Mb/s [63]. Further OGS operations
by NICT, Germany’s DLR, and the United States’ NASA JPL demonstrated FSO downlink
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from a satellite in LEO at 50 Mb/s [64—67]. In 2013, NASA demonstrated FSO downlink
from the Moon, at up to 622 Mb/s, during the LLCD, with collaboration from ESA [37,68].
In the mid-late 2010s, DLR demonstrated two compact optical terminals in LEO, capable
of downlinking at 200 Mb/s and 1 Gb/s, with a planned 10 Gb/s terminal [69]. Later, in
2022 and 2023, NASA demonstrated a record-breaking 200 Gb/s downlink from LEO with
the TBIRD mission [70]. However, more OGS than have currently been demonstrated are
required worldwide to ensure seamless coverage for satellites on the move, and future OGS
constructors require methods to commission ground station hardware.

Being capable of testing and developing prototype OGS hardware on representative
free-space links is a necessary and significant component of the efficient development of all
future space optical communications systems, including OGS commissioning. In
particular, atmospheric stabilisation technologies are needed to ensure fibre-like data
rates are possible on free-space links. Prototype stabilisation technologies must therefore
be demonstrated on terrestrial proxy links with characteristics analogous to space-ground
links. This thesis describes communications demonstrations on terrestrial FSO links,
following on from work by NASA [71], DLR [39, 40], and NICT [72] and providing

instructive guidance on OGS commissioning activities.

1.3.3 Australia and New Zealand Optical Ground Station Network

An Australia and New Zealand OGS network has been proposed [62]. This collaboration
will leverage the countries’ unique position in the southern hemisphere and use site
diversity to provide opportunities for handover under unsuitable local weather conditions.
Sites include an astronomical observatory site at Mount Stromlo, Australian Capital
Territory, managed by The Australian National University [73], a space situational
awareness observatory at the Defence Science Technology Group campus in
Edinburgh [74], South Australia, an OGS under development in New Zealand [62], and all
three nodes of The University of Western Australia (UWA)s TeraNet optical ground
station network. As planned, TeraNet will comprise two fixed 0.7 m telescopes, and a
mobile 0.4 m telescope mounted to a utility vehicle. The two fixed OGS will be situated at
UWA and at the Mingenew Space Precinct, 300 km north of Perth. The mobile OGS will
initially be deployed at ESA’s deep space communications facility in New Norcia, Western
Australia. Modelling based on meteorological records at these locations shows the
nationwide network will offer virtually constant availability to satellites over Australia
and New Zealand [75, 76]. This thesis describes work carried out during the development

of TeraNet, the Western Australian OGS network within the larger continental project.
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1.4 Thesis Outline

This thesis aims to address a shortfall in the availability of methods for validating OGS
performance. To create novel methods, a series of capability demonstrations are
undertaken. The capabilities demonstrated in the course of this project were developed in
a linear fashion, with discrete, increasingly challenging milestones. Each chapter in this
thesis describes the achievement of each milestone, starting from measurements of the
atmospheric channel, to a demonstration of high-bandwidth communications to an
orbiting pseudo-satellite.

Chapter 2 provides a background of technical information to support the remaining
body chapters of the thesis. This includes an overview of optical carrier signal modulation,
atmospheric physics, and laser safety.

In Chapter 3, the physics of a retroreflected atmospheric link established between a
transceiver and a corner-cube retroreflector (CCR) are explored [1], providing a basis for
the subsequent demonstrations. The characteristics of a folded link are given through
mathematical models and experimental results, and related to the point-to-point links
found in real-life communications. @ Chapter 3 provides an experimentally-verified
foundation for understanding the channel conditions documented in the latter chapters.

A demonstration of high-bandwidth coherent communications on a long-distance static
link is then described in Chapter 4 [2]. In this chapter, the link is characterised in terms
of power scintillation. The link was shown to exhibit scintillation equivalent to modelled
scintillation for a space-to-ground optical link from GEO. This demonstration shows the
limit of possible scintillation to be incurred when deploying COTS fibre networking
equipment over free-space.

Chapter 5 then introduces a LEO satellite simulation [3]. This combines the
demonstrated high-bandwidth coherent communications capability with a pseudo-satellite
target. In this demonstration, the target was in motion, requiring the ground station to
slew at angular rates equivalent to an overhead LEO pass. High-bandwidth COTS fibre
networking equipment was again used in this demonstration to show how FSO
communications can be readily integrated into existing infrastructure. The implications of
this demonstration were realised shortly after completion in the recent NASA TBIRD

mission [70].
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In Chapter 6, the pseudo-satellite technique is modified to demonstrate
communications using a HPE communications scheme [4]. This HPE demonstration used
a weak light signal for an analogous link budget to previous [37], and upcoming [51] lunar
laser communications deployments. These deployments leverage existing optical fibre
equipment, fitting into existing communications infrastructure but pushing the
technologies to the fullest extremes in photonic efficiency.

Finally, Chapter 7 concludes the thesis. The chapter is devoted to summarising the
accomplishments of the research project as well as the limitations of the techniques
promoted herein. Further in-progress and planned avenues for development are also
described.
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Technical Background

This chapter introduces concepts and references for communications and optical
atmospheric transmission, pertinent to the later chapters describing FSO communications
demonstrations. Digital communications involves binary format information exchange
between computer systems. A layer model abstracts the functions of various parts of a
communication system, enabling specialisation and compartmentalisation. For example, a
user accessing satellite imagery from a computer does not need to know how the computer
has used binary data to store the image, and does not need to know what physical
signalling format was used to mediate the exchange of the binary data between itself and
the satellite. This thesis is concerned with the physical layer where the binary units, bits,
modulate a physically observable property of the carrier, propagate over a link, and are
received and demodulated back into bits. Bits may be received in error as a consequence of
noise on a link, so a test procedure and performance metrics used in subsequent chapters
are presented here.

Concepts for FSO channels are introduced, including modulation and demodulation,
telescope gains and atmospheric turbulence. Detailed supplementary material,
particularly on the implementation of modulation and demodulation functions, is provided
in Appendix A. Physical layer quantities are summarised in a link budget comprising a
sequence of gains and losses representing the physics of the components between the
transmitter and receiver. Atmospheric turbulence and atmospheric stabilisation
techniques are discussed, introducing models for the effect of turbulence on optical signals.
Finally, the topic of laser safety when undertaking these demonstrations is addressed, to

help guide future risk assessments.
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2.1. OPTICAL COMMUNICATIONS

2.1 Optical Communications

2.1.1 Digital Communications Using Carrier Modulation

Modulated carrier signals are used for long-distance digital communications because of
their advantageous physical propagation properties [77]. A prototypical digital
communications system is shown in Figure 2.1, showing the carrier signal’s position in a
complete system. The originating digital message begins at the transmitter in binary
format (examples of binary format usage are given in Appendix A). The binary bits to be
transmitted are encoded as symbols in a ‘baseband’ signal. In the modulator, these
baseband signals alter a physical property of the carrier signal, such as amplitude or
phase, allowing it to convey the encoded bits over a long distance. At the receiving end, the
carrier signal is demodulated to retrieve the baseband signal. The received baseband
signal is then sampled and the symbols are decoded into the digital message. Figure 2.1
also shows an additional undesirable ‘noise’ signal being added to the carrier, though noise
may enter the system at any point, depending on the physics of the actual link. If the
so-called signal-to-noise ratio (SNR) is sufficiently low, the resulting decoded symbols will
be misinterpreted, leading to symbol errors, hence, bit errors. In the demonstrations
described in Chapters 4, 5, and 6, the bit-error rate (BER) was the key metric for the
performance of the equipment under test, so an explanation for the practical measurement
of BER follows.

Transmitter
< 101101 Encode Baseband |Carrier Carrier
=+ | symbol signal modulate_______sg_i_g__x_;_zg_l_
Receiver <«—Noise
¢...101 101... /' Decode| Baseband /Carrier
D symbol | signal demodulate

Figure 2.1: Prototypical digital communication system using carrier modulation.

BER is defined as the ratio of error bits to total received bits, and may be modelled
analytically as a function of SNR [77]. In BER testing, measurements are taken using
random data sourced from a pseudo-random binary sequence (PRBS) generator [78,79]. A
PRBS is type of binary-valued sequence with controllable periodicity. A key property of the
PRBS is the ability to seed a PRBS generator with a sequence from a separate, remote PRBS

generator, thus creating an independent and identical local sequence. Figure 2.2 provides a
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CHAPTER 2. TECHNICAL BACKGROUND

schematic for BER testing using PRBS generators. A PRBS generator on the transmission
side transmits a sequence over the link, and noise in the physical medium introduces bit
errors. In the receiver, a second PRBS generator is seeded with a sub-sequence of incoming
bits, with the exact quantity of bits required in the sub-sequence depending on the chosen
PRBS implementation. Once the second PRBS is seeded, its output is logically compared
with subsequent received bits. Any discrepancies between the two streams are counted,
and this result can be read periodically and divided by the total number of bits received to
calculate the BER.

PRBS checker

PRBS _ \‘._101 101.. PRES Bit compare
cee “ee —> —
generator — ? l generator —( —Result

Noise

Figure 2.2: Schematic for a bit-error rate tester using a pseudo-random binary sequence
(PRBS) generator and checker.

Chapters 4 and 5 describe BER measurements taken with COTS communications
equipment, intended to demonstrate the technical readiness of the prototype OGS
systems. In practice, the COTS equipment utilises forward error correction (FEC), a
scheme for detecting and correcting bit errors in real time. FEC is a logical operation
carried out on sequences of bits. For example, bits may be repeated to add redundancy, or
interleaved to avoid losing information in bursts. A given FEC scheme has a threshold
BER, below which a receiver can detect and correct all bit errors encountered. Thus, in
Chapters 4 and 5, the BER measurements are compared with the FEC-correction
thresholds of COTS systems [80] to measure the success or failure of transmissions.

This subsection established the method and metrics for testing communications
performance. Sections 2.1.2 and 2.1.3 introduce aspects of amplitude modulation and
coherent modulation, respectively. These are two optical signal modulation formats used

in the FSO communications demonstrations described in Chapters 4, 5, and 6.

2.1.2 Amplitude Modulation

Amplitude modulation controls the intensity of the carrier signal to represent symbols.
Figure 2.3 depicts the communications system of Figure 2.1 as an optical amplitude
modulation system, with the electrical baseband signals in blue and the optical carrier

signals in red. The amplitude-modulated signal, s 4;/(¢), may be expressed as
sam(t) =An ()AL cos(2nfLt), (2.1)
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where Ay, and f, are the optical signal’s amplitude and frequency, respectively, and A, (¢)
is a function of the electrical baseband signal, m(¢), shown in Figure 2.3. A derivation of
A,,(t), and the amplitude modulator’s operating principle is given in Appendix A. In FSO
communications, A,,(t) equals either 1 or 0, corresponding to transmission or extinction of
the carrier signal. At the receiver, sp(#) is demodulated by directing the optical signal
onto a detector, recovering m(t) plus noise. The signal A,,(¢) is also varied in time to encode

symbols in different ways.

m(t) sam(t)
Encode Amplitude
symbol modulator
—> Noisy physical

channel
Decode Photo- JVV\ NW
symbol detector

Figure 2.3: A communication system using amplitude modulation. The electrical message
signal, m(¢), is modulated onto the optical frequency signal, resulting in the amplitude-
modulated signal s 437(%).

Three types of symbol encoding relevant to FSO communications are optical on-off
keying (O3K), pulse-position modulation (PPM), and non-return-to-zero (NRZ). The work
described in Chapter 6 utilised PPM encoding, as the encoding is a modification of O3K,
intended for HPE communication [54]. Figures 2.4a and 2.4b provide a visualisation of
m(t) for O3K and PPM, to assist in understanding PPM through comparison with O3K, as
this is the most general case of amplitude modulation. NRZ is standardised by the Space
Development Agency [81] and may supersede the currently drafted O3K standard [82].
However, O3K and NRZ do not apply to the high bandwidth or HPE scenarios introduced
in Chapter 1. Therefore, neither of the encoding techniques were utilised in any of the
demonstrations described in this thesis. The remainder of this subsection is devoted to
explanation of PPM by way of comparison to O3K, to aid in understanding the
communications system described Chapter 6.

Both O3K and PPM encode bits as pulses in the carrier signal’s amplitude, but differ in
their temporal characteristics. In O3K the presence, or absence, of a pulse signifies a binary
1 or 0, respectively. The symbol period, T, in O3K is the duration of such a pulse, and the
data rate, R, under O3K is therefore .

By contrast, PPM encoding utilises a longer symbol period, divided into m slots with
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CHAPTER 2. TECHNICAL BACKGROUND

additional guard slots. An amplitude pulse may be transmitted in only one slot per symbol
period, allowing m possible symbols to be transmitted, representing logy(m)
bits-per-symbol. This improves the photon efficiency of the optical signal because more bits
are transmitted per pulse than in O3K. High m-numbers are conducive to extremely
long-distance links as they provide control over peak-to-average power ratio in deep-space
communication systems with average power limited amplifiers. Figure 2.5 shows the
increase in photon efficiency over O3K on the right-hand plot axis, for m from 4 to 512. For
a fixed slot period, the data rate in PPM decreases with increasing m. The Consultative
Committee on Space Data Systems (CCSDS) HPE standard [54] specifies m/4 guard slots,
with the same period as the slots. Thus, the data rate of a PPM system is

_ logy(m)

m(t), optical on-off keying

Il

Birla.1‘37011131)11t()|()|]‘|()|()|1|()|()|()|O|()|()l()|1| t
(a)
m(t), pulse-position modulation
- )
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Binary output 11
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Figure 2.4: Comparison of time-series for baseband symbols in (a) optical on-off keying and
(b) pulse position modulation with four slots.

Figure 2.5 shows Equation 2.3 relative to Equation 2.2 on the left-hand plot axis, for a
PPM slot period equal to the O3K symbol period. As an example, in 2013, the LLCD
demonstration used PPM to transmit data from cislunar space at 622 Mb/s, accounting for
additional FEC bits, with m = 16 slots and a 0.25 ns slot duration [37]. Per the background
in Chapter 1, such a speed is a significant improvement over RF for deep-space
communications, where large link distances result in minimal optical power at the
receiver. Section 2.1.3 focuses on orbits around Earth, where link distances are

orders-of-magnitude shorter, and thus orders-of-magnitude more optical power is
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available. With more optical power on orbit, coherent modulation may be used to achieve

data rates hundreds of times faster than with amplitude modulation.

45
4-PPM
40 1+ o 27
35 o - 24
8-PPM &
23 807 + L - 21 § )
v R [ 158 =
8 16-PPM 5 X
< 201 + F15 £ O
< 3 128-PPM 2%
& % 15 1 @ 32- PPM 256-PPM - 12 i g
” 10 ° 64-PPM 512-PPM o 27
54 @ L g
0 ™ 3
10t 102

PPM order (discrete values)

Figure 2.5: Graph showing the speed and photon efficiency scaling of a pulse-position
modulation (PPM) system compared to an optical on-off keying (O3K) system.

2.1.3 Coherent Modulation

Coherent optical modulation enables high-bandwidth communications, with the entry
point being a data rate of 100 Gb/s for COTS equipment [26]. A coherent modulator
controls the phase and amplitude of an optical signal, while a coherent receiver senses
these properties. Figures 2.6a and 2.6b depict the symbol constellations used in
single-level quadrature phase-shift keying (QPSK) and the multi-level 16-quadrature
amplitude modulation (QAM), respectively, along with the corresponding bit encoding.

These symbols can be described mathematically by

scm(t) = I, (t)cos (2 fLt) + @ (t)sin(2nfL 1), (2.4)

The

amplitudes in Equation 2.4 are the axes in Figures 2.6a and 2.6b. Equation 2.4 also

where I,,(t) and @,,(t) are the in-phase and quadrature amplitudes, respectively.

describes how a coherent modulator splits the carrier signal into the orthogonal in-phase
and quadrature components, which are independently modulated by baseband signals. For
further detail, the structure of a coherent modulator and receiver are given in Appendix A.

Coherent modulation additionally provides polarisation discrimination, allowing two
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orthogonal-polarised signals to share a channel, doubling the data rate of an m-level

encoding to be,
2log2(m)

R= T,

(2.5)

The demonstrations described in Chapters 4 and 5 of this thesis were concerned with
translation of COTS coherent fibre-optical communications equipment to FSO links. COTS
coherent communications equipment primarily uses QPSK or QAM encoding; therefore,
other coherent encoding techniques, such as polarisation-switching [83], were not
considered. QPSK was selected over multi-level QAM, as it had a perceived advantage in
low-SNR FSO links. Figures 2.6¢c and 2.6d show QPSK and 16-QAM constellations with
low SNR. At low SNR, the 16-QAM constellation is more likely to incur symbol errors
arising from amplitude and phase noise. This selection was validated by the recent TBIRD
demonstration, where two COTS QPSK modems were used to downlink data from LEO at
200 Gb/s [70]. Sections 2.1.4 and 2.1.5 explain the link budget modelling used to select

system parameters to achieve a desired SNR.

2.1.4 Link Budget Analysis

As discussed, a communications channel will exhibit a BER, and the use of FEC allows
users to specify an acceptable BER. The probabilistic relationship between bit errors and
received optical SNR can be analysed [26, 84]; therefore, a threshold power level can be
calculated to achieve a likely BER. This provides a starting point for the link budget used
to analyse FSO channel performance and drive engineering decisions. From the threshold
power level, the system gains and losses can be summed to determine the necessary
transmission power. Dynamic power variation will be encountered in practice; therefore,
an additional link margin factor is added to the calculated link budget. Link budgets are
given for each demonstration described in Chapters 3—6.

Figure 2.7 shows an FSO channel labelled with gain and loss terms encountered in the
link budget. The initial optical signal power out of the transmission fibre is P;,. Free-space

loss, Lz, treats the optical signal as an isotropic radiation over the link distance, L,

1 2

The transmission telescope gain, G;,, represents the directivity of the telescope. The gain
is

Gy = 16/62 2.7

tx>
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where 6y, is the far-field full-angle beam divergence from the telescope. For a Gaussian

beam from a diffraction limited telescope, 8;, is
O = 4N (0 g), (2.8)

where A is the optical wavelength and wy is the 1/e? beam waist diameter. The resulting
gain is
Twq

Gy = (T)z (2.9)

In practice, other implementation losses, L;,, are incurred before and after the telescopes.
For example, an optical beam splitter used for an AO system will reduce the optical signal
power by approximately one half, or the secondary mirror support arms in a reflecting

telescope will partially obscure the optical signal.
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Figure 2.6: Constellation diagrams for quadrature phase-shift keying with: (a) 15 dB signal-
to-noise ratio (SNR) and (c) 9 dB SNR; (b) 16-quadrature amplitude modulation with 15 dB
SNR and (d) 9 dB SNR.
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Figure 2.7: A free-space optical link, with link budget gain and loss terms. P;,: fibre
transmit power, L;;,, implementation losses, G:: transmitter telescope gain, Lyg:
isotropic free-space loss, G, receiver telescope gain, L;: fibre coupling loss, P,: received
power.

The receiver telescope, with diameter D,,, applies a gain, G,,, representing the

directivity of the receiver. Assuming diffraction-limited performance, the receiver gain is

2
D 210

er:( 1

The demonstrations described in this thesis were conducted on retroreflected, or
‘folded,” links, which are a modified case of the point-to-point configuration illustrated in
Figure 2.7. In a retroreflected link, a CCR is placed at the remote end and allows a single
telescope to be used for transmission and reception. Co-locating the transmission and
reception systems makes comparison of outgoing and incoming signals over long distances
convenient, as feedback from a remote site would require dedicated fibre infrastructure.

The on-axis loss term for the CCR is [85]

D 2
T ) , 2.11)

Lecr =pcer ( 1

where p..r is the CCR’s surface reflectivity and D, is its diameter. Multiplying L., by the
CCR area yields the optical cross section of the reflector [85]. However, power returned by a
CCR is also sensitive to the incident angle. Furthermore, the CCR shape imparts complex
distortions onto the optical signal wavefront, making it difficult to analytically model the
true effects of the CCR. The link budget analyses described in Chapters 3—6 do not consider
the optical cross section because of the complexity of these effects; hence, loss associated
with the CCR is intended to be taken up in the link margin. Future work could address this
through numerical simulations.

Finally a fibre coupling loss, Lp;, is included to represent the optical signal power able
to be coupled into the waveguide modes of the fibre. Fibre coupling is strongly dependent on
the random effects of atmospheric turbulence and the stabilisation systems used to combat

turbulence. Fibre coupling is discussed further in Section 2.1.5.
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2.1.5 Fibre Coupling

The fibre coupling efficiency quantifies the amount of optical signal power lost when it is
injected from the free-space receiver optics into an optical fibre. In FSO communications,
optical fibre is required to carry optical signals from receiver optics to the detector. While
non-fibre-coupled detectors may be used in low bandwidth communications, the three
demonstrations described in Chapters 4, 5, and 6 utilised fibre-coupled equipment, so
non-fibre-coupled detectors are not discussed further.  These demonstrations also
exclusively used single-mode fibre (SMF), a type of optical fibre capable of supporting only
one spatial mode. This constraint on spatial mode is necessary in the coherent
communications systems described in Chapters 4 and 5, as coherent detection relies on the
received signal matching the spatial mode of the local oscillator signal for phase
sensing [26]. HPE communication, relevant to Chapter 6, does not necessarily require an
SMF-coupled detector, but one was used in the work described therein, because of the
available equipment. The magnitude of L.,; may be calculated from an overlap integral of
the incoming FSO signal wavefront, and the mode field diameter of the SMF [86],
determining how much of the signal is injected. Furthermore, FSO signals propagating
through the Earth’s turbulent atmosphere undergo time-varying wavefront distortions, so
the L., is constantly modulated as the overlap integral varies. An introduction to
atmospheric physics follows, explaining the structure of eddies in the atmosphere, their
evolution in time, and how this introduces the deleterious wavefront distortions in optical

signals.

2.2 Atmospheric Optical Communications

2.2.1 Atmospheric Turbulence

The Earth’s turbulent atmosphere is composed of eddies of air with varying temperature,
humidity, and size, leading to refractive index variation. Figure 2.8 illustrates this regime
of eddies of varying refractive index and varying size, along the FSO link. The outer scale,
L, is the largest length scale where energy enters the channel, mainly due to wind shear
along Earth’s surface [87]. In horizontal propagation close to the Earth, the outer scale is
approximately the altitude of the transmitter. The inner scale, /g, is the beginning of the
dissipation range, where energy in the eddies is lost to heat due to the viscosity of the air.
Spectral models describe the probabilistic distributions of the spatial scales of eddies
with differing refractive index through power spectral density (PSD) functions [59, 87, 88].

The spectra are plotted against the reciprocal space wavenumber, x, where x = 27/l, with [
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being length. Chapter 3 considers two such models, the Kolmogorov model and Greenwood-
Tarazano model. The PSD for each model is shown in Figure 2.9, and the equations are as
follows. The Kolmogorov PSD, ®,(x), is defined between the x values corresponding to the

outer and inner scale lengths,
®,(x)=0.033C2x V3 2n/Lo <« < 27/, (2.12)
where C2 is the refractive index structure constant with units of m~23. The Greenwood-

Tarazano model extends the PSD definition below the outer scale,

-11/6
)

@, (k) = 0.033C2 (x* + /Lo , 0<x<2n/l,. (2.13)

3
y

ats* ¢

Figure 2.8: Illustration showing atmospheric turbulence structure with respect to a
horizontal free-space optical transmitter.

In the Greenwood-Tarazano model, the outer scale defines an inflection point in the
spatial PSD at low wavenumbers, as can be seen in Figure 2.9. Other models, not
considered in this thesis, incorporate a high-wavenumber cut-off, in an attempt to capture
the dissipation effect of the inner scale.

In the spectral models, the refractive index structure constant, C?L, scales the PSD and
is a common means of specifying turbulence strength between deployments. However,
different consideration is required for ground-ground and ground-space optical paths
because the refractive index structure constant is dependent on height above ground. A

commonly-used model for structure constant is the Hufnagel-Valley model [56],

CZ(h) = 0.00594 (w/27)*(10"°h)'? exp(~1/1000)
+2.7x 10716 exp(—h/1500) + A exp(—h/100), (2.14)
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where h is the height above ground, w is a windspeed and A is the C,QZ at ground-level.
Figure 2.10 shows the C,zl profile using the Hufnagel-Valley 5/7 model, a common
configuration when wusing the Hufnagel-Valley model, where w = 21m/s, and
A=17x10" m 23 [56].

_y Kolmogorov
10 ——— Greenwood-Tarazano

Lo-11 - C2=17x10"14 m™23
™ Lo=10m
E 15
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Figure 2.9: Refractive index power spectral density (PSD), ®,,, as a function of wavenumber,
x, for the Kolmogorov and Greenwood-Tarazano models for refractive index structure,
with fixed structure constant, C?L. The Kolmogorov model is only defined between the
wavenumbers corresponding to outer scale, L(, and inner scale, /¢ (not indicated). In the
Greenwood-Tarazano model, the PSD is defined below L.

For ground-space optical links, typically above 10° in elevation, spectra must be
evaluated in a series of layers with the varying C% [88,89]. For ground-ground paths at
low elevation angles, C,% can be assumed to be constant and, therefore, only a single
spectrum is required to characterise the refractive index structure. This assumption for
ground-ground links is also convenient for later calculations involving path integrals of
C%. At optical frequencies, C% can be estimated from spatially-distributed temperature
measurements [59, 87]. However, distributed measurements are not usually possible, so it
is desirable to be able to estimate atmospheric conditions from temporal measurements of
FSO signals. Vice-versa, it is also desirable to use a known C2 to predict the dynamics of
FSO signals in the atmosphere. Sections 2.2.2 describes the effects of atmospheric
turbulence on optical signals. This starts with the relationship between FSO phase and

AoA spectra and the spatial spectra of Equations 2.12 and 2.13.
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Figure 2.10: Graph showing the refractive index structure constant, C2, versus height-

above-ground, A. This is based on the Hufnagel-Valley 5/7 model, assuming a wind-speed
of 21 m/s, and C2 of 1.7 x 10~ *m~%3 at ground level.

2.2.2 Optical Signal Propagation in Turbulence

FSO signals propagating through Earth’s turbulent atmosphere experience deleterious
effects due to the refractive index variation. The temporal statistics of atmospheric FSO
signals are analysed by applying Taylor’s frozen turbulence hypothesis to the spatial
spectra introduced in Section 2.2.1 [59, 88]. This assumes the refractive index structure is
constant along the optical path, and a constant wind sweeps the turbulence perpendicular
to the optical signal’s path. The frozen turbulence hypothesis is frequency limited, with a
cut-off frequency proportional to the windspeed. Chapter 3 provides the mathematical
results of this mapping, along with measurements of an FSO signal’s phase and AoA
spectra. What follows here is a series of intuitive explanations for the effect of atmospheric
turbulence on FSO signals.

As an FSO signal propagates through the atmosphere, it experiences refraction and
diffraction effects to varying degrees due to the changes in refractive index between eddies
and the diffraction-limiting effect of relatively small eddies, respectively [61, 87]. The
relative contribution of each of these effects is dependent on the optical wavelength, link
distance, and transceiver aperture size. A description of the turbulence strength can be
loosely assigned depending on the dominant effect. Refraction tends to dominate under
‘weak’ turbulence, adding phase noise and inducing AoA variation. These are the zeroth
order and first order disturbances described in Chapter 1. Diffraction becomes effective in
‘strong’ turbulence conditions, causing higher order disturbances and greatly degrading

fibre coupling.
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2.2.3 Weak Turbulence

Refraction occurs when an optical signal passes between regions of varying refractive index
and therefore changes its velocity, advancing or retarding the signal’s phase. Under weak

turbulence, the inner scale is large compared to the first Fresnel zone, defined as
VLA, (2.15)

where L is the separation between the transmitter and receiver. Taylor’s theory of frozen
turbulence provides a PSD for the phase of a plane wave travelling through turbulence
and this provides insight into the time-varying phase of the optical signal. Phase noise
greatly affects interferometric measurements made with highly stable lasers [57,58,90] but
is currently not a dominant effect in phase-dependent FSO modulation formats because
of the relatively unstable optical sources in use [60]. However, refraction also induces an
angular change to the direction an optical signals travels, according to Snell’s law.

First order AoA variation is of interest in FSO communications because it directly
impacts SNR by reducing received power. Chapter 3 describes how the AoA spectrum is
derived by scaling the phase noise spectrum for a planar wavefront [88]. AoA changes
close to the transmitter induce beam wander, thus steering the beam off the receiver. In
ground-space links, the impact depends on the propagation direction, as follows with
reference to Figure 2.11. Intuitively, as C% decreases with increasing altitude, per
Equation 2.14, the distribution of eddies tends towards greater a proportion of larger
eddies compared to smaller eddies at higher altitudes. Ground-to-space uplink, shown on
the left side of Figure 2.11, suffers from beam wander, as early contact with the
atmosphere leads to gross pointing errors. The difficulty of atmospheric uplink
pre-compensation makes it an active field of research [89,91]. Smaller auxiliary apertures
close to the ground station are often used for uplink because the greater wavefront
divergence will offset beam wander at the expense of lower transmitter gain. In downlink
from space-to-ground, an optical signal propagates through space initially, without
experiencing atmospheric effects until it has widely diverged. Therefore, downlink signals
do not experience the same magnitude of beam wander as uplink signals. This link
geometry in downlink leads to high order wavefront variations contributing greatly to

scintillation.
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Figure 2.11: Illustration of atmospheric channel for free-space optical communications in
uplink, using an auxiliary aperture and downlink, receiving with the full-sized telescope
aperture.

2.2.4 Strong Turbulence

In strong turbulence, where the Fresnel zone, of Equation 2.15, is larger than the inner
scale, diffraction effects are incurred in addition to the described refraction effects. The
scale of eddies in strong turbulence leads to random focusing, defocusing, and phase shifts
along the wavefront. This manifests as wavefront speckle, meaning random variations in
amplitude and phase across the wavefront [56, 86]. Speckle is experienced in all
atmospheric FSO propagation to some degree, regardless of turbulence strength. However,
strong turbulence is considered to be in effect when the speckle causes reduction in the
mean received intensity and significant variation in the intensity. A speckled wavefront
imaged at a SMF tip will result in a low coupling efficiency from the overlap integral with
the waveguide mode of the fibre [86]. For a quantitative definition, speckle size is often

characterised in terms of the Fried parameter, r¢. For a plane wave, rg is

-3/5
ro= (0.423k2 C,%(z)dz) , (2.16)

Path

with 2 being the wavenumber at the optical signal’s wavelength, that is, 2 = 27n/A. The
Fried parameter is a length scale describing the diameter of the smallest transverse
subsection of the signal wavefront with no more than 1 radian of phase deviation. It

implies a diffraction limit in observing the wavefront. On horizontal links the C% is
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assumed to be constant and the integral in Equation 2.16 becomes a product of C% and
path length, L. The Fried parameter over a given horizontal distance can therefore be
equivalent to the Fried parameter of a much longer ground-space distance because of the
rapid drop-off in C2 with altitude. The ratio of receiver aperture diameter-to-Fried scale,
D/ry, is commonly quoted to provide a normalised indication of turbulence strength
observed by an optical receiver. Large receivers, with D/ry greater than one, will observe
many speckles, and the receiver will require higher order AO to couple the signal into fibre
efficiently. A receiver with a D/ro of one or less will generally experience only the
refractive effects of atmospheric turbulence because it will only capture one speckle at a

time.

Scintillation refers to temporal fluctuation in received optical power about a mean
value. The mean received power of a scintillated wavefront will generally be lower than
the received power predicted by a link budget. Additionally, random focusing and
defocusing of the beam by smaller turbulent eddies leads to time-varying increasing and
decreasing of power. A signal received through weak turbulence is not expected to exhibit
temporal power variation due to negligible wavefront disturbances; however, scintillation
is still observed at the receiver due to beam wander. Scintillation index, o;, can be

measured from a receiver’s photodetector voltage as

01=—>; (2.17)

;:m | cqm

where 03 and p, are the variance and mean of the voltage, respectively, assuming linear
photodetector response. A scintillation index << 1 is considered to indicate weak
turbulence. Analytical expressions have been developed to model scintillation index from
atmospheric conditions [56, 87, 92]. However, applying the correct expressions can be
difficult because of the numerous different conditions regarding Fresnel zone size,
aperture size, inner scale, and so on. Under strong turbulence in particular, the
scintillation measurement will saturate, leading to underestimation of the C?L parameter,
although expressions have been derived to account for this [92,93]. Such models were used
sparingly in this project. When scintillation indices were measured, they were intended to
indicate the fluctuation conditions the optical signal was experiencing. Where relevant,
consideration was given to the likelihood of saturation at the receiver aperture. As
computing power increases into the future, it may become more practical to simulate
specific atmospheric turbulence conditions using numerical simulation suites [94-96],

rather than trying to adapt context-specific analytical models.
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2.2,5 Atmospheric Measurement and Stabilisation

Techniques, particularly those from the field of optical astronomy, have been developed to
measure and stabilise the effects of atmospheric turbulence on optical signals. Phase noise
is directly measured through interferometry [58, 59, 88] and an example of phase noise
measurement on a real link is given in Chapter 3. Phase variation may be stabilised by
mechanical piston-like action in an optical element such as a FSM, or corrected in fibre
using a photonic actuator, such as an acousto-optic modulator [57,97]. In the case of the
acousto-optic modulator, the frequency of the carrier is shifted and phase fluctuations are
suppressed by phase-modulating the signal driving the modulator. This adds a
deterministic phase rotation to the signal that can be removed by digital signal processing,
while suppressing atmospheric phase noise fluctuations. However, phase noise is not
significant to the communications-focused work in this thesis; therefore, phase noise

stabilisation is not discussed further.

Measuring and stabilising AoA variation is significant to all of the demonstrations
described in this work. Figure 2.12 depicts a first order AO system, also known as a TT
system, comprising a FSM and a spatial position detector (SPD). Such a system measures
AoA variation by sampling part of an incoming signal with a beam splitter, and directing
the sampled signal to the SPD. An SPD reads the position of an incident optical signal and
emits an electrical signal proportional to position. Two examples of an SPD are the QPD,
and infrared-sensitive camera. A QPD provides an analog voltage readout, and typically
provides lower latency and cost than a camera. On the other hand, a camera provides
higher precision in the position determination. Usage of both has been reported in the
literature, with the QPD used in systems with low D/r¢ [39, 72], and cameras suited to
large OGS systems with high D/ro [68]. Sensed position signals are forwarded to
proportional, integral, derivative (PID) controllers to drive the actuators of the FSM [57].
A fiber-to-free-space collimator (FFC) is used to couple the FSO signal into fibre, and so
co-alignment of the QPD and FFC is critical. While Figure 2.12 indicates AoA correction
with independent PID controllers per axis, an integrated multi-input, multi-output
controller could be used to compensate for misalignment and unwanted coupling between
the FSM axes.

TT systems are generally required in all levels of turbulence strength; however, in
strong turbulence, speckle is modulated onto the wandering optical signal, requiring an
additional layer of higher order AO stabilisation.

Higher order AO is required to maximise the fibre coupling of large telescopes in strong

turbulence. Conventional AO systems use a wavefront sensor, capable of measuring the
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phase of sections across an incoming wavefront, to control a deformable mirror shaped by an
array of linear actuators [98]. AO systems are often found on astronomical telescopes, with
large D/rg ratios, to sharpen image quality closer to the diffraction limit of the aperture. In
astronomy, a ‘guide star’ is required to provide a reference image for the wavefront sensor.
However, in FSO communications, the incoming optical communications signal may be used
as a guide star.

An alternative high order stabilisation technology, based on mode-converting devices,
has emerged. A mode-converting device can decompose a speckled optical wavefront into
multiple orthogonal waveguide modes. Each of these modes is then coupled into multiple
SMF outputs. The multiple SMF outputs of the mode converting device each carries the
same signal, with slight phase variations, and can be recombined [99, 100]. This technology
promises a simpler system than conventional AO, without any moving parts, but remains
experimental. No high-order stabilisation was used in this work. Turbulence bordering
on weak-to-strong turbulence was experienced in the measurement campaigns and only

first-order stabilisation was deployed.

Fast-steering

Fiber mirror

section

Quadrant
photodetector

Figure 2.12: First order adaptive optics, or tip-tilt, system diagram illustrating the feedback
connection between the quadrant photodetector and fast-steering mirror. Propotional-
integral-derivative (PID) controllers are used to filter the quadrant photodetector signals.
The system aids in pointing to the free-space-to-fibre coupler (FFC).

2.2.6 Spacecraft Proxies

FSO communications has not yet been widely taken up for day-to-day space missions.
Furthermore, significant resources are required to make contact with any of the small
number of spacecraft with optical terminals, making the endeavour risky for unproven
hardware. This promotes the use of spacecraft proxies to fulfil the capability
demonstration gap. Chapter 4 details the use of a CCR at one end of a relatively long

horizontal link to simulate a GEO telecommunications satellite. This is extended to a
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drone-borne CCR in the demonstrations reported in Chapters 5 and 6. In the
corresponding demonstrations, the drone is subject to wind buffeting, adding additional
AoA variation and requiring use of an astronomical telescope mount with altitude and
azimuth control to increase the tracking range.

In the case of Chapter 5, the drone was required to act as a proxy for a LEO satellite.
For a LEO satellite in a circular orbit at an altitude of 300 km, the tangential velocity, vy,

is calculated by rearranging Kepler’s third law [101],

vo=vVGMEg/Ry, (2.18)

where (G is the gravitational constant, Mg is the mass of the Earth, and R is the average
distance from the centre of the Earth to the satellite. This yields a tangential velocity,
vo = 7.73 km/s. At the apex of flight over an OGS, taking the arctangent of the ratio of this

velocity to the altitude corresponds to a maximum angular tracking rate of
arctan(7.73/300) = 1.5%/s. (2.19)

The angular tracking rate is reduced for lower elevation angles. For example, at 45° the

rate is

13 )—10°/s 2.20)
300v2/ '

Tracking simulations were achieved by commanding the drone to slew back and forth within

arctan (

the allowable flight zone, while the telescope mount accelerated to the desired angular rate.
Two key dissimilarities from a true LEO pass are the lack of appreciable Doppler shift at
such tangential velocities and the relatively low possible geometric losses. However, this
proxy method provides an extremely convenient means to have an OGS ‘on sky’ prior to

significant investment of time and money.

2.3 Laser Safety

Optical signals are a hazard as they may cause permanent damage to human skin or eyes,
possibly leading to blindness. In the apparatus described in this work, it is possible for
unguided optical signals to be encountered at the output aperture of an optical terminal.
Exposure may also result from an insufficiently sealed internal section of the optical
terminal or from an energised and unconnected optical fibre. Calculations and risk
controls based on the AS/NZS TEC 60825.14:2011 standard [102] follow. At 1550 nm,
optical signals bypass the cornea and are absorbed by water in the eye, contributing to a

maximum permissible exposure (MPE) of 1000 Wm? for any exposure above 10s. Skin
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exposure is a secondary hazard to eye exposure at 1550nm. Nominal ocular hazard
distance (NOHD) is the minimum eye-safe distance for unprotected exposure to collimated

optical signals from a laser source. For a Gaussian beam,

1 4P, a
HD = —4/ - = 2.21
NO 0\ »MPE @’ ( )

where 6 and a are the full-angle divergence and waist diameter of the beam, respectively,

and P, is the optical signal power. Table 2.1 provides the waist size, beam divergence, and
NOHD for the power levels used in Chapters 4, 5, and 6. Divergence from an unconnected or
broken fibre is modelled as having a waist diameter equivalent to the mode-field diameter

of the fibre and divergence, Ogy/F,

A
7TMFD/2’
where MFD is the mode-field diameter, 10.4 ym for the fibre in use [103]. In the case of

Osmr = (2.22)

the FFC and Galilean beam expander, the waist size and divergence were given by the

manufacturer [104] and derived from the expansion ratio, respectively.

Table 2.1: Nominal ocular hazard distance (NOHD) for 1550 nm optical signals used in
demonstrations. FFC: fibre-to-free-space coupler, GBE: Galilean beam expander.

Fibre FFC 15xGBE
Spot diameter [m] 1.04x107° 1.60x 1073 2.40x 1073
Divergence [rad] 0.190 1.30x 1073 8.70x 1075
Ch. 3 NOHD (10 mW) [m] 0.019 1.5 No hazard
Ch. 4 NOHD (760 mW) [m] 0.16 23 82
Ch.5&6 NOHD (30mW)[m] 0.032 3.5 No hazard

Risk assessment procedures involve reasonable estimations of likelihood and severity of
exposure to hazards, followed by implementation of controls. Ocular exposure from the FFC
or beam expander were the hazards most likely to occur compared to other concerns, such as
manual handling, trip hazards, or electrocution. Ocular exposure at the fibre tip or a broken
fibre was also included but exposure to an energized, unconnected fibre was considered to be
far less likely than the other sources, based on past experience. Once identified, engineering
controls, administrative controls, and personal protective equipment were implemented, to
the effect that the signals did not represent a hazard to nearby members of the public or

pilots of aircraft overhead.

2.3.1 Engineering Controls

Engineering controls involve permanent physical mitigation or elimination of hazards. In

the first two cases of Table 2.1, the optical signal exposure was hazardous, both out of the

33



CHAPTER 2. TECHNICAL BACKGROUND

fibre tip and FFC, while also being hazardous from the beam expander in the second case.
As an engineering control, the optical path inside the terminal was enclosed, including
enclosed beam traps on the unused ports of the beam splitters attached to the FFC. Optical
signal emission was directed outdoors, and in the second case, the NOHD extended out of
the building. In the second case, the outdoor hazard area reasonably encompassed by the
ocular hazard was inaccessible, due to the height of the room relative to occupied structures
nearby. Trees and buildings close to the ground also prevented observers on the ground
within 82 m from observing the aperture. In the third case, involving outdoor demonstration
in Chapters 5 and 6, a rigid enclosure was constructed to prevent specular reflections from
the FFC escaping. It featured only one forward-facing aperture to allow the optical signal

from the beam expander out.

2.3.2 Administrative Controls

Administrative controls were implemented through access control to the fifth-floor rooms
hosting the equipment, preventing anyone without the appropriate laser safety training
and approval from entering unaccompanied. This ensured any equipment operators were
aware of the hazard and enforced competency requirements for risk exposure. The room
also had local-regulation compliant warning signage at the entryway. It was also an
administrative policy for windows in the room to be open, thus preventing any specular

reflections from the outgoing signals.

2.3.3 Personal Protection

Laser safety goggles can be used to reduce the exposure of optical signals to below the MPE.
Goggles require an optical density (OD) according to the maximum potential eye exposure,
Hp,

H

i)
MFD)"
The highest Hp case is calculated from the highest power used, in Chapter 4, and eye

aperture diameter
760mW

p=———— =7.9x10"W/m®. (2.24)
7(0.0035/2)
The required OD is then
7.9 x 10%
OD =1 — =19 2.25
0819 ( 1000 ) , ( )

and goggles with an OD of 7 were procured to ensure eye safety. These were required to be

worn by all room occupants during optical emission.
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Atmospheric Turbulence

Characterization in a Retroreflected
Optical Link

Chapter 3 concerns the physics of retroreflected optical links, also referred to as folded
links, making use of a CCR. The work aimed to justify the subsequent use of folded links
in demonstrations for commissioning OGS hardware. This was accomplished through
analysis, using the models introduced in Chapter 2, validated with the results of a
measurement campaign on a 2.4 km folded link exhibiting a range of turbulence strengths.
Folded links differ from point-to-point links involving a transmitter and receiver at
opposing ends—the optical signal passes through the same turbulent medium twice, and
experiences wavefront clipping by the CCR. The incidence of AoA variation, despite
atmospheric reciprocity in retroreflected links, makes the CCR extremely useful for testing
the TT systems required in FSO communications. This work was also the first to
simultaneously generate C,% estimations from three independent physical measurements.
The outcomes of this work are also relevant to remote optical sensing such as range-rate
measurement.

This chapter was published in the journal Optics Letters. I am a joint first author on the
publication, contributing 40% to the experimental work and data analysis, and 80% to the
manuscript preparation. I formulated analytical expressions for AoA and log-intensity, and
processed the log-intensity data. Benjamin Dix-Matthews built the apparatus, conducted
the experiment, and formulated the expressions pertaining to phase noise and AoA. I was

responsible for technical translation of the results into a publication-quality manuscript.
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3.1. ABSTRACT

Atmospheric Turbulence Characterization in a
Retroreflected Optical Link

Benjamin P. Dix-Matthews, Skevos F. E. Karpathakis, Sascha W. Schediwy

Published in the journal Optics Letters

3.1 Abstract

FSO transmission through Earth’s atmosphere is applicable to high-bandwidth data
transmission and optical clock comparisons, among other uses. Fluctuations in the
refractive index of the atmosphere limit the performance of atmospheric optical
transmission by inducing phase noise, AoA variation, and scintillation. The statistics of
these deleterious effects are predicted by models for the spatial spectrum of the
atmospheric refractive index structure. We present measurements of phase fluctuations,
AoA variations, and scintillation, taken concurrently and compared with models for the
atmospheric refractive index structure. The measurements are also cross-compared by
deriving independent estimates of the turbulence refractive index structure constant C2.
We find agreement within an order of magnitude for derived C2 values for all three

metrics.

3.2 Introduction

Understanding how atmospheric turbulence affects the propagation of optical beams is
important when attempting to transmit optical signals over long distances, with
motivating applications including high-speed data transmission [2] and frequency
comparisons between optical clocks [105,106]. Horizontal or slanted optical links are used
to connect terrestrial sites on the ground or in the air, and can be point-to-point [57,107],
folded with a mirror-relay [108], or folded with a retroreflector [109—111]. Folded links are
advantageous for only requiring access, power, and substantial shelter at one site as
transmission and reception hardware can be co-located, with retroreflected links having
less stringent pointing requirements. For all these optical links, refractive index
fluctuations caused by atmospheric turbulence perturb the propagation of optical beams.
Several models have been developed to describe the spatial spectrum of these refractive
index fluctuations based on turbulence theory. In this letter, we will focus on the

Kolmogorov and Greenwood-Tarazano models [59, 88,105].
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These spatial spectrum models describe the physical structure of the refractive index
fluctuations and are thus independent of any specific transmission signal. To determine the
effect of the atmosphere on measurable quantities for a specific optical link architecture, the
modelled refractive index fluctuations must be integrated over the optical propagation path.
To derive temporal statistics, Taylor’s hypothesis of frozen turbulence [88,105] must be used
to couple one spatial direction to the time axis by shifting the turbulence model transverse
to the link direction at a specific wind speed. Analytically derived statistics for phase noise,
AoA, and scintillation will drive engineering decisions for atmospheric optical transmission
applications; however, these require understanding of the expected atmospheric turbulence
strength. Thus, in-situ characterisation of the atmospheric turbulence conditions for a given
optical link is important.

The strength of atmospheric turbulence is typically defined by the turbulence structure

?L, which is obtained by comparing the predictions of atmospheric turbulence

constant, C
models with the statistics of experimentally measured quantities. Many commercial
systems, known as scintillometers, rely on scintillation statistics to measure C,Ql, however,
they have a tendency to saturate in high-turbulence regimes [112]. Improved systems
relying on AoA measurements to determine turbulence strength have been demonstrated
within the FSO communications community [112,113]. An alternative method based on
the measurement of optical phase-fluctuations has been demonstrated within the
frequency metrology community [59]. The C2? measurements based on phase-fluctuation
data agreed, within an order of magnitude, with independent temperature measurements
taken by micrometeorological sensors. This previous investigation, conducted on a uniform
range with distributed micrometeorological sensors, encourages the use of
phase-fluctuation measurements on optical links where distributed sensors cannot be
installed. However, this technique has not yet been compared to turbulence
characterisation techniques based on AoA and intensity measurements. In this letter, we
examine the agreement between the turbulence strength estimates derived from

simultaneous phase, AoA, and scintillation measurements over a retroreflected link.

3.3 Materials and Methods

An apparatus for simultaneously measuring optical phase, AoA, and intensity was
deployed over a 1.2km horizontal atmospheric link to a 50 mm diameter CCR, as shown in
Figure 3.1. Power levels are indicated at key locations. This apparatus comprises a
1550 nm fibre laser source launched into free-space via a 15x Galilean beam expander.

The beam expander has a 43.5 mm diameter aperture, and the outgoing beam has a 17 mm
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beam waist radius. In the free-space terminal, the reflected beam is split and partially
directed to a QPD to measure AoA, via the voltages V' °** and VA";MS , the difference in
voltage between two opposite quadrants. The sum of the quadrant voltages is also
recorded as V/.5%%, to derive the scintillation. The remaining beam power is coupled back
into SMF and beats with a prompt copy of the transmitted laser to measure the two-way
phase shift, ¢~. The prompt copy of the laser passes an acousto-optic modulator to
frequency-shift the signal, so the heterodyne interference beat can be input to a RF phase
meter. QPD voltages were sampled at 1.25kHz and the phase was sampled at 2kHz. An
anemometer was located on the rooftop, 4m above the apparatus, recording wind speed

and gusts at 300 s intervals.

Figure 3.1: Apparatus for measuring phase noise, angle-of-arrival variation and
scintillation. AOM: acousto-optic modulator, CCR: corner-cube retroreflector, PM: phase
meter.

Three one-hour long measurements were taken under different turbulence conditions

”

and are consistently labelled “low,” “moderate,” and “high” in the remainder of this letter
for ease of reference. Phase, AoA, and intensity measurements in each of the low, moderate,
and high data sets are compared with models derived from turbulence theory. Finally,
rolling predictions of C% are derived from the phase, AoA, and intensity measurements.
The experimental data underlying the results presented in this letter are made publicly

available in a repository [114].

3.4 Phase Noise

Phase fluctuations are a zeroth order disturbance induced by atmospheric turbulence.
Refractive index fluctuations on length scales physically larger than the propagating
optical beam will cause variations in the time-of-flight, and thus degrade the phase
stability of the received optical beam. For a one-way transmission of a plane wave

propagating through Kolmogorov turbulence [59, 88, 105], the single-sided power spectral
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density (PSD) of phase noise is expected to be,
Sy koi(F) = 0.033k*CLLV P £ =83, (3.1

where C2 is the turbulence structure constant for the index of refraction, L is the path
length, V is the perpendicular wind speed, f is the Fourier frequency, £ = 27/1 is the optical
wave-number, and A is the optical wavelength.

Similarly, the Greenwood-Tarazano turbulence model for a plane wave results in an

expected single-sided PSD of,

Sy, GreF) =5.211k*CLLIV

Ly

-11/6
o 2 /@rflV2Z+q2)
fo [q§,+(2$f) + 2 dq,, (3.2)

where L is the outer scale of turbulence.

These phase noise models describe one-way propagation through atmospheric
turbulence. For a two-way atmospheric link reflected by a CCR, the optical beam
experiences a phase delay during forward propagation, ¢_.(¢), and backward propagation,
¢ (t). The phase delay caused by reflection off the CCR remains constant and may be
ignored. Phase contributions at timescales below the round-trip time of the two-way link
are reciprocal, and thus the total phase delay is ¢~ (¢) = 2¢p(¢). Thus, the single-sided
PSD of phase noise is,

Sy (f)=48,(f), (3.3)

for f < 1/T, where T = L/c is the round-trip time of the link.

Figure 3.2 shows the three phase noise spectra observed, along with fitted lines for
Kolmogorov (solid black) and Greenwood-Tarazano (dashed black) phase noise spectra for
the low results. The low (blue) and medium (red) phase noise spectra in Figure 3.2 show
the characteristic downward inflection at low frequencies of the Greenwood-Tarazano
model, Equation 3.2, in the region labelled b. The high spectrum (orange) appears to
follow the strict £~%3 trend of the Kolmogorov model spectrum of Equation 3.1 for most of
the spectrum with a more subtle downward inflection at low frequencies. Outer scale, Ly,
is estimated by fitting each spectra to Equation 3.2 in the region b, and the estimates are
given in Table 3.1. The estimates correspond to physically reasonable lengths, close to the
approximately 30 m height-above-ground of the apparatus. The high spectrum (orange) in

Figure 3.2 exhibits a f~17/3

roll-off above 200 Hz consistent with aperture averaging [88],
before dropping to a white noise floor. An average C% estimate was derived from each

spectrum using a non-linear least-squares fit of Equation 3.3 between 90mHz and
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800 mHz, region a in Figure 3.2, where all the spectra closely follow the f~83 Kolmogorov
trend, and do not contain any noise spurs. These values are given in Table 3.1. This

technique is used to estimate rolling C% from phase measurements later in this letter.

Phase Noise, S¢(f) (rad*/Hz)

T L | T T T LA | T L T L | T T
1073 1072 1071 100 10! 102 108
Frequency, f (Hz)

Figure 3.2: Phase noise power spectral densities for three measurement runs. Two
analytical models are fitted to the low turbulence measurement (blue) in the region labelled
a. The solid black line is the Kolmogorov spectrum model. The dashed black link is the
Greenwood-Tarazano spectrum model. In the region labelled b, inflections due to outer
scale effects are seen for the low and medium measurements. The dash-dot line follows a
7173 slope expected due to aperture averaging.

Table 3.1: Summary of turbulence regimes, with datum Lo and C% values based on the
observed phase noise spectra. The C,% is fit to the spectrum from 90 mHz to 800 mHz.

Name | Lo[m] | C2 [m~%3]

Low 519 | 1.25x10715
Medium | 30.8 | 4.84x10715
High 35.8 | 1.52x1071
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3.5 Angle-of-Arrival Variation

First order AoA variations lead to the optical beam wandering off-target. For a one-way link,
the single-sided PSD of AoA fluctuations can be modelled in terms of the phase noise [88,
105],

S (H)=AfIV?SF(f). (3.4)

Relating the AoA for a two-way link with a CCR to the one-way AoA is more complicated
than in the phase case. For a perfectly flat wavefront, variations in AoA during the forward
propagation are cancelled in backward propagation, whether or not the beam underfills
the CCR. However, for any other beam wavefront geometry, such as spherical or Gaussian,
truncation at the CCR results in an additional AoA change not suppressed in the backward
propagation, thus resulting in measurable AoA fluctuations over the two-way link [115].
Thus, the relationship between the one-way and two-way AoA fluctuations is a..(¢) = ba_.(¢)

where b is a constant dependent on the specific geometry of the free-space link. Thus,
Sy (F)=b>S(f), (3.5)

where b = 0.74, from numerical modelling based on the method in Walsh, 2022 [115], of a
50mm diameter CCR at a distance of 1.2km, with beam waist radius of 17mm and
wavelength 1=1550 nm.

If temporal information is not required, the expected AoA variance can be obtained from
turbulence theory without the need for Taylor’s hypothesis of frozen turbulence. For a one-

way link, the expected AoA variance is,
Var[a_]=1.093LC2D; 3, (3.6)

provided that (LA)Y2 << D,, where D, is the receiver diameter [112,113]. The constant at
the front of Equation 3.6 is associated with the spherical wave approximation. Thus, by

taking into account the relationship between the one- and two-way AoA,
Var{a.]1=b%Var[a_]=1.09362LC2D; 3, (8.7

The AoA fluctuations of the retroreflected optical beam were measured using a QPD,
where the incident angle is determined based on the voltage differences caused by the
lateral deflections of the imaged beam. This QPD was at a focal point of the receiving
optical system and operated in a regime where the returned optical beam was diffraction
limited. The diameter of the imaged beam was significantly smaller than the full QPD

size. In this regime, an incident AoA deflection in the x-axis by the diffraction-limited
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angular resolution of the optical system will entirely shift the imaged spot between the
QPD x-axis quadrants, causing the normalized voltage difference, Va,, to span —1 to +1.
Thus, assuming linearity in the QPD response, the measured AoA deflections are given by,

0
i = 5 Vi (3.8)

0
x = —
gpd = QVA’“ O

where 0 = 1.221/D, is the diffraction-limited angular resolution of the optical system, A is
the optical wavelength, and Va, and V_Ay are the measured x and y QPD voltage
differences normalised from —1 to +1. The normalized voltage difference measurements
are V. = V3% Vimax and V_Ay = VK}Q“S/Vmax where V,,,,, is a design parameter of the QPD.
Equation 3.8 will change slightly if the coherence length, ro = (1.46k2C%L)_3/5, is smaller
than the receive aperture. In this case, the angular resolution of the optical system is no
longer diffraction limited, and instead 6 = A/rg. For the high turbulence measurement in

Figure 3.3 the atmospherically-limited angular resolution was used.

1072
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Figure 3.3: Angle-of-arrival power spectral densities for three measurement runs. Fitted
dashed lines are provided for each run, showing /%2 slopes predicted by the Kolmogorov
model.

Figure 3.3 shows the AoA spectra for the three measurements. The three dashed lines
represent the expected AoA spectra given by Equation 3.4 assuming the C,Ql values provided
in Table 3.1. Substituting Equation 3.1 into Equation 3.4 predicts an /=23 trend, and this is
exhibited in all spectra between 10 mHz and 2 Hz. Beyond 2 Hz the low (blue) and medium
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(red) spectra roll-off at f~2, deviating from the expected trend, with the medium spectrum
exhibiting an unexpected upwards inflection at 10 Hz. This behaviour is unlikely to be due
to atmospheric effects, and may be caused by unexpected behaviour in the QPD, such as
sensitivities to spot size and incident power. Similarly, the sharp =7 roll-off exhibited by
all spectra at high frequencies is likely due to the instrumentation. The medium spectrum
is also lower than expected for the first two measurement decades, the cause of which we

are unsure.

3.6 Scintillometry

Scintillation is caused by higher order wavefront fluctuations — when different sections of
the wavefront pass through eddies with varying size and refractive index, before meeting at
the receiver plane and interfering, thereby causing variation in received power. Scintillation
specifically refers to the variance about the mean value [56], and is commonly expressed in

terms of the variance of log-intensity, 012n Iz

o
1+E . (39)
v

2 _
Olng = In

where u, is the mean, and o, is the standard deviation of the voltage at the
photodetector [93]. For a horizontal link with uniform C?L, the log-intensity variance is
given by

op, 1 =0.496C2E"CLIVE, (3.10)

Retroreflected links have been analysed in depth for laser ranging systems [56]. For this
link geometry the scintillation of the retroreflected link is equivalent to a link of the
round-trip distance. The sum voltage from each quadrant of the QPD, V%% was used to
calculate a rolling log-intensity variance for each dataset, based on Equation 3.9, and
substituted into Equation 3.10, to estimate C,%, as shown in Figure 3.4. Rolling estimates
of C,% based on phase and AoA measurements are also shown in Figure 3.4. The phase
estimate is derived by fitting Equation 3.3 to region a in Figure 3.2. The AoA estimates are
derived using Equation 3.7. Each rolling estimate is calculated from 100 s subsamples of
the full measurement. A detailed explanation of the error bar derivation for these

statistical processes, based on methods taken from frequency metrology [116], is provided

in the caption.
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Figure 3.4: Rolling measurement of turbulent structure constant, C2Z, based on
100s samples of phase, angle-of-arrival and intensity measurements. Three separate
measurements are given in (a) low, (b) medium, and (c¢) high turbulence. Error bars indicate
the 90% confidence intervals for each parameter. For phase this is +1.6450 calculated from

the variance of the fit parameter. The angle-of-arrival and log-amplitude estimates depend

2 N 82 N
12(0.95,N)*° x2(0.05,N)

N is the number of independent samples, here defined as A;“’“” where Nyyzqi is the total

number of sub-samples and n. is the time taken, in samples, for the autocorrelation to drop
-2

where

on sub-sample variance, s2, the value of which is bounded by |s

below e
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The rolling C,zl estimates are encouraging, reinforcing the case for future development
of these turbulence characterisation techniques. Each measurement type agrees within an
order of magnitude, with a maximum factor of 2.9 deviation between AoA and scintillation-
derived C% in all conditions, and up to a factor of 6.6 between phase and AoA during low
turbulence. In high turbulence, each measurement agrees within a factor of 2.5. Within
the disagreement between the measurements, no one measurement appears to be biased to
over- or under-estimate the C,zl in any of the three cases. Generally, the estimate based on
phase noise has a lower tracking bandwidth, as it is based on PSD calculations involving
averages over large time windows. The applicability of either technique will depend on the
required time resolution, although the latter two measurements can be achieved with only
one sensor device, the QPD. Anomalies in the AoA PSDs at high frequencies, as seen in

Figure 3.3, has motivated us to consider replacing the QPD with a charge-coupled device.
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CHAPTER 4

High-Bandwidth Coherent Optical
Communications Over 10.3 km of
Turbulent Air

Telecommunications satellites will benefit from the introduction of optical feeder links with
downlink rates on the order of tens of terabits-per-second. Such feeder links may be realised
using COTS coherent fibre-optic transceivers and dense wavelength-division multiplexing
(DWDM) technologies currently used in broadband networks [40]. Horizontal FSO links
over many kilometres exhibit equivalent integrated turbulence to space-to-ground links and
have been used in initial trials with coherent FSO communications to determine possible
data rates [40]. Of these, the VERTIGO demonstration of 1 Tb/s data rate over 53 km holds
the record [41]. This chapter reports on the demonstration of a 100 Gb/s-class coherent FSO
communications signal transmission over a 10.3 km folded link. In the demonstration, 52
DWDM channels were tested over a 3-hour period. At this distance, first order AO had
no effect and was not used. The scintillation index was determined from measurements
of received fibre-coupled optical power, providing insight into the fading statistics for a
COTS coherent device at a given turbulence strength. Appendix B provides calculations
for the scintillation at an OGS. This is compared with scintillation calculated from power
measurements on the link described in the chapter. Results in the chapter are presented
graphically. Appendix B includes a table of the results.

This chapter was published in the journal Applied Optics. 1 am the first author on
the publication, contributing 80% to the experimental work and data analysis, and 90% to
the manuscript preparation. This chapter was also submitted as a technical report to the

SmartSat Cooperative Research Centre.
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4.1. ABSTRACT

High-Bandwidth Coherent Optical Communications Over
10.3 km of Turbulent Air

Skevos F. E. Karpathakis, Benjamin P. Dix-Matthews, David R. Gozzard, Sascha
W. Schediwy

Published in the journal Applied Optics

4.1 Abstract

We demonstrate 111.8 Gb/s coherent optical communication throughput over a 10.3 km
folded FSO link. Folded links are low-complexity to establish and provide a high uptime
for testing equipment. The communications signals were sourced from an unmodified
COTS transceiver intended for long-haul fibre networks. A potential DWDM line rate, up
to 5.81 Th/s, was demonstrated by testing 52 optical C-band channels over the course of an
evening. In the future, such high-bandwidth communications will be used in feeder links
from satellites in GEO. Optical power measurements of the received signal are compared
with atmospheric theory to determine the turbulence strength exhibited, and therefore,
the applicability of the terrestrial horizontal link to space-to-ground links. We show the
high-uptime, 10.3 km laser range is suitable for testing high-bandwidth space-to-ground

optical communications systems intended for links from GEO at 20-50° elevation.

4.2 Introduction

Space-to-ground communication using wireless radio and microwave transmissions is
facing a bandwidth bottleneck due to increasing quantities of data acquired in space, and
beam crowding due to divergence at orbital distances [27]. FSO communications promises
to address these emerging issues in traditional space communications, by offering
improved bandwidth and lower divergence compared with wireless radio and microwave
transmissions. Amplitude modulation was used in early FSO communication experiments,
including the first space-to-ground FSO communication demonstration in 1995 [63].
Amplitude modulation has since been used in inter-satellite links [65], and in a cis-lunar
space-to-ground link [37]. Coherent communication, using QPSK modulation, offers higher
spectral efficiency than amplitude modulation, and future FSO communications from
GEO- and LEO-to-ground can use coherent optical communication transceivers to

capitalize on established, commonly-deployed, and interoperable terrestrial fibre
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technology [26, 117]. In 2022, NASA’s TBIRD satellite transmitted data from LEO at
200 Gb/s using two COTS 100 Gb/s coherent transceivers and DWDM [22, 70]. TBIRD
successfully transmitted coherent optical signals through Earth’s turbulent atmosphere,
by using an automatic repeat request (ARQ) protocol. This ARQ protocol was developed
using tests on a 3 km folded horizontal link [71].

Transceiver deployments over horizontal terrestrial FSO links are used to inform
system design choices to mitigate the effects of turbulence, because horizontal links can
exhibit atmospheric turbulence equivalent to, or exceeding, space-to-ground links [39]. In
2019, high-bandwidth coherent communications were demonstrated on a 10.45 km
point-to-point link [40]. This demonstration utilised COTS transceivers as well as two
optical combs, 200 Gb/s modulators, and DWDM to simulate simultaneous transmission by
many coherent transceivers. In doing so, 13.16 Tb/s transmission was achieved, utilising
the entire optical C-band, comprising centre wavelengths from approximately 1530 nm to
1564 nm. Other relevant demonstrations over terrestrial laser ranges have been
conducted using bespoke communications systems. In a 2022 demonstration, a custom
128 Gb/s single-wavelength transceiver was tested over a 10 km folded laser range [118].
The highest-capacity, longest-distance terrestrial demonstration to date was also
conducted in 2022 [41]. This was a point-to-point transmission over 53 km, achieving
1 Tb/s on a single-wavelength by using technologies developed specifically for FSO
communications, including higher order AO and coherent beam combining. These
publications all describe the likely use-case of high-bandwidth coherent communications to

be feeder links from telecommunications satellites in GEO.

This paper presents 111.8 Gb/s coherent communications over a 10.3 km folded
horizontal laser range, using a COTS coherent transceiver. Folded laser links are
extensively modelled in literature and exhibit comparable channel statistics to
point-to-point links when monostatic terminals are used [72], and exhibit AoA variability
despite atmospheric reciprocity [115]. Folded links are also low-complexity to establish,
compared to point-to-point links, and allow loopback for BER testing. We analyse
measurements of the received power to characterize the link conditions and demonstrate
applicability of this low-complexity arrangement to a satellite FSO communication
scenario. Data was transmitted on 52 channels over a turbulent channel with scintillation

indices equivalent to a GEO-to-ground link between 20-50° elevation angle.
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4.3 Methods

4.3.1 Coherent Transceiver

The communications signal under test was generated by a COTS 111.8 Gb/s digital
coherent optics (DCO) transceiver, employing dual-polarisation QPSK modulation, and
intended for use in a long-distance optical transport network. Functionality is
standardised in the management interface specification [119]. The DCO contains a PRBS
generator and checker in its transmit and receive sections. The PRBS checker counts
received bits and bit errors when enabled, and reports these quantities when disabled. The
state of the PRBS checker may be toggled on the fly, allowing a real-time sub-sampling
measurement of BER over the link. Figure 4.1 shows the logical mapping of these

peripherals to the optical terminal.

DCO Optical terminal +«—5.15 km — [Remote site
BS1 (10.3 km folded)

|PRBS Generator} >

CCR

| PRBS Checker |

]
|Result Registers|

Figure 4.1: Optical transceiver and terminal schematic for demonstration. BS: beam
splitter, CCR: corner cube retro-reflector, DAQ: data acquisition, DCO: digital coherent
optical module, EDFA: erbium-doped fibre amplifier, FFC: free-space to fibre collimator,
FS PD: free-space photodetector, GBE: Galilean beam expander, PD: photodetector, PRBS:
pseudo-random binary sequence.

In this demonstration, each sub-sampled measurement is considered to represent a
transmission, and the duration of each transmission is a free parameter requiring
constraint. = Transmissions with duration on the order of 10 ms are useful for
characterizing link quality due to atmospheric turbulence causing "bursty" data loss on
this time scale [40, 71]. As the PRBS checker provides bit-by-bit comparisons, it does not
give insight into the FEC performance internal to the DCO. A pre-FEC BER threshold of
4.5 x 1073 was selected as the threshold for FEC-correctable transmission, based on the
standards for optical transport network FEC [80].

The DCO emission wavelength was varied in order to characterise total throughput
available with DWDM and to search for any unexpected wavelength-dependent limitations.

The laser inside the DCO is tuneable between 1568.77 nm and 1527.60 nm, or 191.1 THz
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and 196.25 THz, in 50 GHz steps. Changing wavelength requires power-cycling the laser,
approximately 60 s in duration. These processes, in conjunction with a 30 s measurement
duration, limit the number of channels able to be tested during periods of low turbulence.
An erbium-doped fiber amplifier (EDFA) was used to boost the DCO output to 26.8 dBm.

4.3.2 Optical Terminal

A schematic of the optical terminal is shown in Figure 4.1. The terminal takes a fibre-fed
laser input from the DCO and EDFA, and collimates it to free-space via FFC1. The beam
splitter, BS1, splits the collimated beam. Half of the transmitted beam is directed to the
50 mm Galilean beam expander, expanding the beam to a 34 mm 1/e? waist diameter. The
2.5" CCR reflects the beam back, and it passes BS1 before entering the receiver beam
splitter, BS2. On passing BS2, half of the beam power is directed back into the collimator
FFC2, to couple back into SMF for reception. Fibres with angled end-faces were used to
reduce back reflections in fibre. Despite this, with the transmit powers used in this
demonstration, a back reflection is observed on the return port of a fibre circulator when
the common port was used for launch into an FFC. Thus, the beamsplitter BS2 and
separate receive FFC are required to provide separate transmit and receive fibres, as
reflections off the fibre end-face were observed to degrade the optical signal-to-noise ratio
when the fibres were shared with a circulator. The other half of the received power is
directed into a free-space photodetector to measure free-space power, Prs. A 10% portion
of the SMF-coupled power is directed to a fibre-coupled photodetector to measure received

power, P,.,.

4.3.3 Channel Model

Measurements of the communication channel are used to determine the relevance of this
demonstration to FSO space-to-ground communication. The link spans 5.15 km between
the optical terminal site and the CCR. The optical terminal is located 29 m above sea level,
and the CCR is located 3 m above sea level. This slant path primarily spans the Swan River,
Western Australia, and turbulence strength is relatively high at this distance and altitude.
Atmospheric turbulence causes random interference in the optical signal wavefront as well
as additional divergence, leading to time-varying scintillation of the received power and
reducing the coupling efficiency of the FSO signal back into SMF. Scintillation index, oy, is

a measure of the scintillation in received optical power and is defined

=, 4.1)
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where op and pp, are the standard deviation and mean of received power P,,. For the
folded link, the attenuation due to turbulence is the product of two correlated random
variables representing the forward and backward paths, and is treated similarly to a
conventional one-way link [72]. Turbulence is also characterized by the Fried parameter, a
length scale decreasing with increasing turbulence along the link [56].

The relevance of horizontal links to uplink and downlink channels has been
investigated by researchers from DLR [39]. They assert the 10 km ground-to-ground link
most closely resembles an uplink because the atmospheric turbulence is close to the
transmit aperture. The modelling supporting the demonstration suggested scintillation
indices of 0.2 and 1 corresponded to ground-to-space uplink to GEO at 30° and 10°
elevation, respectively. An elevation of 30° was stated to be the practical worst case for a
GEO link. The aperture diameter in the modelling was not discussed. For the folded link
concerned in this manuscript, with CCR at 5.15 km from the transmitter, calculations
given in Appendix B shows that the Fried parameter is close to the beam 1/e? waist
diameter and receiver aperture diameter. Figure B.1 in Appendix B shows angular
deviations will not lead to significant power variation for this link geometry. Instead,
power scintillation is dominated by speckle as the beam front passes through many
turbulent eddies. Speckle dominates in the space-to-ground downlink direction, and
causes degraded free-space-to-SMF coupling. Therefore, the folded link is primarily
subject to the characteristic issue of downlinks and is relevant to this transmission
direction. Further modelling in Appendix B, with a Hufnagel-Valley 5/7 profile [56]
predicts scintillation indices between 0.1 and 0.4 for downlink from satellites at 50° and
20° elevation, respectively. This modelling is based on plane wave propagation to a point
receiver at the ground, and ground station receiver apertures on the order of 50 c¢cm to
100 cm will be subject to lower scintillation indices due to aperture averaging. The
scintillation indices measured during this demonstration are compared with the 0.1-0.4

scintillation index values, to show applicability to a GEO feeder link.

4.3.4 Link Budget

A link budget is given in Table 4.1. The DCO cut-off is approximately —33.0 dBm of
received optical power. Splitting losses are idealised to be 3 dB. For a transmit power of
26.8 dBm, a link margin of 28.3 dB accommodates excess losses due to misalignment,
clipping, SMF coupling loss, and turbulence-induced fading. Additional loss will also be
caused by scattering from sea-spray because the beam propagates close to the surface of

the river.
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Table 4.1: Link budget for the 10.3 km folded laser range.

Quantity Value
Transmit power 26.8 dBm
Splitting loss (FFC1 to FFC2) -9.00 dB
Geometric & clipping loss (optimum alignment) -22.5 dB
Receiver cut-off power -33.0 dBm
Link margin 28.3 dB

4.4 Results

Measurements were taken on 2022-12-13 between 17:55 and 20:43, while the scintillation
index remained below 0.4. For each wavelength under test, scintillation index, mean SMF
coupling, and proportion of BER measurements below the 4.5 x 1073 FEC threshold are
shown in Figure 4.2. A scatterplot of BER measurements below the FEC threshold and SMF
coupling against scintillation index is shown in Figure 4.3. The wavelengths shown were
increased in chronological order, providing a time-sampling of the atmospheric turbulence.
Reported wind direction and speed during the 3 hour period is also given in Figure 4.2. Wind
direction was predominantly parallel to the direction of beam propagation for the first half
of the demonstration, and transverse to the beam for the second half, and wind speed ranged
from 11.1 km/h to 27.8 km/h [120]. An additional 2 dB of transmit power was added at
20:15, increasing the power into FFC1 to 28.8 dBm, for wavelengths 193.10 THz and above,
and causing a momentary increase in the proportion of BER above the FEC threshold.
The minimum and maximum s; were 0.110 and 0.346 for wavelengths 192.05 THz and
192.75 THz, respectively. Mean SMF coupling efficiency ranged between a maximum of
—8.55 dB and a minimum of —11.9 dB, corresponding to percentages of transmissions above
threshold of 84% and 20%, respectively. Table B.1 in Appendix B provides the full numerical

results.

4.4.1 Transceiver Wavelength-Dependence Characterisation

For each wavelength used in the demonstration, loopback measurements of BER were
taken in-fibre with fixed transmit power and attenuation. Of the first 10 channels,
spanning 191.10 THz to 191.55 THz, BER decreased linearly from 6.61 x 107* to
1.88 x 1074, For the remaining 52 channels, spanning 191.60 THz to 194.15 THz, BER was
randomly distributed within the range of 1.05 x 10™% and 2.11 x 10™%. This suggests a
minor wavelength-dependence in the DCO or EDFA in the first 10 channels. Therefore the
performance variation seen in Figure 4.2 was likely caused by changing atmospheric

turbulence and not a wavelength-dependence in the DCO.
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Figure 4.2: Per optical wavelength, during low turbulence, measurements of (from top
to bottom) scintillation index, mean single-mode fibre (SMF) coupling, wind-speed and
direction, and proportions of lost, high bit-error rate (BER) and low BER transmissions.
Wind-speed and direction recorded at Perth Airport, downward arrows point South, parallel
to the transmission.

4.5 Discussion

Scintillation indices measured show the relevance of this terrestrial link to a real
ground-to-space laser link. The scintillation indices observed on 2022-12-13 spanned 0.1 to
0.4. These indices are equivalent to the scintillation indices modelled for GEO downlink to
a point receiver on the ground at 20-50° elevation. A large proportion of transmissions for
scintillation index values below 0.2 were below the FEC threshold, without any amplitude
stabilisation. From Figure 4.3, the increasing scintillation index correlated with the
decreasing SMF coupling efficiency, with a sharp drop-off around a scintillation index of
0.25. For the best performance under speckle, a higher order AO system must be employed
to ensure robust reception, as in Dochhan, 2019 [40] or Bitachon, 2022 [41].
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Figure 4.3: Measurements during low turbulence. Scatterplot of low bit-error rate (BER)
transmission percentage and single-mode fibre (SMF) coupling versus scintillation index.

Additionally, at 20:00, a change in wind direction transverse to the link direction
occurred close to the peak scintillation index observed at 19:50, along with a generally low
number of transmissions below the FEC threshold between 19:55 and 20:15. The period of
transverse wind may be more applicable to space communications than the period prior to
20:00 when the wind was parallel to the link, as winds encountered by a beam propagating
from space-to-ground will necessarily travel transverse to the link. Also, wind generates
sea spray on the surface of the river, resulting in additional power attenuation as the
signal propagated close to the river surface. This effect will have led an increase in high
BER transmissions, in addition to atmospheric turbulence. The scattering cannot be
isolated from the power measurements, but will clearly be correlated with wind velocity
and the strength of the turbulence.

As GEO and LEO transmissions both pass through the same atmosphere, this link also
has relevance to transmission from LEO. On a given day, scintillation index for a LEO
link will be higher than a GEO link because of the contribution of satellite slew rate to
the pseudowind [56]. Furthermore, the Doppler shift imparted by the slew rate of a LEO

satellite is not replicated by the stationary horizontal link.

4.6 Conclusion

High-bandwidth coherent communication over a 10.3 km folded link was demonstrated
without atmospheric turbulence correction, in varying turbulence conditions. Scintillation
index for the demonstration was derived and showed the relevance of the horizontal

ground-to-ground link to a typical and worst-case ground-to-space link. Performance under
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these conditions is challenging without employing a higher order AO system. However,
transmission of data with BER below 4.5 x 1073 is shown to be possible with unmodified
fibre networking equipment, under the right conditions. A possible correlation between
BER and wind direction was observed, and this may have implications for high-speed
ground-to-ground FSO communication installations as an additional topic of interest.

The folded FSO link utilizing a CCR is a relatively low-complexity arrangement,
compared to a point-to-point link. This link intrinsically has a higher accessibility and
potential up-time for commissioning activities than a link to a satellite. Having shown the
relevance of this link, it can be used for further research and development activities. This
includes commissioning other communications equipment prior to deployment in a
full-sized OGS. Furthermore, the decline in BER with the increasing scintillation index
demonstrates the need for adaptive optics correction to overcome high order wavefront
disturbances. As a priority, the optical terminal shown can be modified to incorporate a
high order AO system, as the current arrangement clearly experiences speckle and
performance would be improved with high order AO to correct the wavefront. The system
could then be tested, with high uptime, on this link with statistics representative of

space-to-ground conditions.
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CHAPTER 5

Coherent Free-Space Optical
Communications at LEO Tracking

Rates

Earth observation satellites collecting imagery in LEO are constantly being improved,
with higher fidelity sensors and smaller physical footprints. As the size of sensor data
increases and the RF environment in LEO becomes increasingly crowded, FSO downlink
from the tens-to-hundreds of gigabits-per-second promise to alleviate the inevitable
bandwidth bottleneck. This chapter concerns a demonstration of 100 Gb/s-class coherent
FSO communications to an aerial Earth observation satellite proxy at LEO tracking rates.

Pointing and tracking are significant challenges in FSO communications, owing to the
relatively low divergence of optical frequency signals. Tracking the reflected signal from
an aerial target makes this task more challenging, as the atmosphere-induced AoA
variation is compounded with the vibration of the drone-borne CCR. This drone-based
technique also exceeded the distance of similar reports at the time, extending the art by
incorporating tracking with angular rates equivalent to the angular tracking rate required
to communicate with a transiting satellite in LEO.

Chapter 5 was published in the journal, Scientific Reports; I was the second author on
the publication. This work involved many systems working in tandem; therefore, it was
the result of the work of several researchers. My contribution comprised 30% of the
experimental work and analysis and 50% of the manuscript preparation. The astronomical
mount and machine vision (MV) systems were programmed and operated during the
demonstration by Shane Walsh and Ayden McCann. The optics system was assembled by

Benjamin Dix-Matthews, Alex Frost, and David Gozzard. During the demonstration,
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Benjamin Dix-Matthews was responsible for troubleshooting any issues with the optics. 1
conducted research to determine the criteria for successfully demonstrating coherent
communications, selected an appropriate COTS module, and reverse-engineered it to be
used as a real-time BER tester. During the demonstration, I was responsible for operating
the communications module and TT system. David Gozzard piloted the drone and ensured
compliance with the civil aviation authority. Shane Walsh was responsible for preparing
the manuscript for publication in Scientific Reports, and I was responsible for the sections
on the communications equipment, link budget, and interpretation of results. I also
provided detailed feedback on the manuscript prior to submission, and during peer review.
This chapter was also submitted as a technical report to the SmartSat Cooperative

Research Centre.
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5.1. ABSTRACT

Coherent Free-Space Optical Communications at LEO
Tracking Rates

Shane M. Walsh, Skevos F. E. Karpathakis, Ayden S. McCann, Benjamin P.
Dix-Matthews, Alex M. Frost, David R. Gozzard, Charles T. Gravestock, Sascha W.
Schediwy

Published in the journal Scientific Reports

5.1 Abstract

FSO communications are poised to alleviate the data-flow bottleneck experienced by
spacecraft as traditional RF techniques reach their practical limit. While enabling
orders-of-magnitude gains in data rates, optical signals impose much stricter pointing
requirements and are strongly affected by atmospheric turbulence. Coherent detection
methods, which capitalise fully on the available degrees of freedom to maximise data
capacity, have the added complication of needing to couple the received signal into SMF. In
this paper we present results from a coherent 1550 nm link across turbulent atmosphere
between a deployable optical terminal and a drone-mounted CCR. Through 10 Hz machine
vision optical tracking with nested 200 Hz TT adaptive optics stabilisation, we corrected
for pointing errors and atmospheric turbulence to maintain robust SMF coupling,
resulting in an uninterrupted 100 Gb/s optical data link while tracking at angular rates of
up to 1.5 deg/s, equivalent to that of spacecraft in LEO. With the greater data capacity of
coherent communications and compatibility with extant fibre-based technologies being
demonstrated across static links, LEO-to-ground links of hundreds of gigabits-per-second

can ultimately be achieved with capable ground stations.

5.2 Introduction

Communication at optical frequencies revolutionised terrestrial communications with the
advent of optical fibre networks [121], but the same is not yet true of free-space
applications, which are still dominated by RF communications. While the
orders-of-magnitude increase in carrier frequency from RF (kHz—GHz) to optical
frequencies (THz) enables a commensurate increase in data capacity, moving to the optical
domain brings with it new challenges. Primary among these are the strict acquisition and

tracking requirements [122], and the effect of atmospheric turbulence that significantly
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influences optical beam propagation on millisecond timescales [87]. To realise the
potential of FSO communications for ground-to-ground, ground-to-air, and ground-to-space
links, the effects of atmospheric turbulence must be suppressed [123].

The most straightforward implementations of FSO communications modulate data on
the intensity of light, such as simple O3K or PPM. These direct-detection methods only
require a detector than can measure the intensity of the received light. Coherent detection
methods, in contrast, maintain phase and polarisation information by mixing the received
signal with a local oscillator (LO), giving extra degrees of freedom to encode data and
capitalise fully on channel capacity [124] and compatibility with ubiquitous fibre-based
technologies [125]. These coherent methods require coupling the received light into SMF,
which at a diameter of 8—10 microns, is more susceptible to pointing errors and turbulence
compared with the larger multi-mode fibre (> 50 microns) or free-space detectors used with
direct-detection schemes [126].

Currently, Earth observation satellites produce data at such high volumes that
on-board compression is often required before transmission to the ground using available
RF bandwidth [28,127], which is power intensive and can reduce data fidelity. For the case
of LEO, the time a spacecraft is visible to any particular ground station is only a few
minutes per day, further constraining data transfer. A LEO spacecraft could transmit data
via a relay spacecraft, typically in GEO, but the increased transmission distance
(~ 35,000 km versus ~ 1,000 km) further burdens the size, weight, and power of spacecraft
communications systems. Relieving this bottleneck is the goal of NASA’s TBIRD mission to
develop cubesat-suitable optical terminals capable of 200 Gb/s coherent LEO-to-ground
downlink [46].

The previous 5.6 Gb/s record for an optical data link between LEO-to-ground was
demonstrated using coherent binary phase-shift keying (BPSK) between two DLR TESAT
laser communication terminals, one on board the NFIRE spacecraft, and one on the
ground at Tenerife, Spain [128]. These terminals were engineered for inter-satellite links,
where atmospheric turbulence is not an issue and as such do not employ any active
turbulence mitigation; only a reduction of the ground terminal aperture to reduce the
effect of scintillation. The ~ 5 m beam size would ensure that the occurrence of deep fades
due to beam wander at the ground terminal are negligible, but given turbulence in a
ground-to-space link is concentrated at the ground, beam wander is significantly greater
for the uplink than the downlink. This is reflected in the disparity in link quality, with the
downlink remaining error free while the uplink showed a BER of ~ 1075, despite the
identical hardware at each end. To push the data rates into the 100+ Gb/s regime requires,

at a minimum, TT AO stabilisation to improve downlink fibre coupling efficiency and
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pre-compensate uplink beam wander. Such ground stations are currently in
development [129, 130] and have demonstrated AO-corrected SMF coupling from
GEO [131], but to our knowledge TT AO stabilised coupling has only been demonstrated at
the more challenging tracking rates of LEO by NICT in 2012 [132], and more recently by
NASA in 2023 [70].

TT AO stabilised high-speed coherent optical links between the ground and airborne
platforms have been demonstrated previously. Chen, 2018 [133] demonstrated a 100 Gb/s
bi-directional QAM link between a ground station and light aircraft over 10-20 km link
distance. Li, 2017 [134, 135] demonstrated an 80 Gb/s link to a drone mounted
retroreflector across a 100 m round trip distance with simulated turbulence, using two
orbital-angular-momentum (OAM) multiplexed 40 Gb/s QPSK links. These
demonstrations reached angular tracking rates of ~0.2 and ~0.1 deg/s respectively,
although maintaining fibre coupling at LEO-like tracking rates were not aims of those

experiments.

The ultra-high capacity of coherent FSO communications has been demonstrated across
static links by various groups. Parca et al. [136] used 16 channel QPSK to establish a
1.6 Th/s link over 80 m between buildings. Feng et al. [137] used 3 channel QPSK to achieve
160 Gb/s over a 1 km link. The highest capacity link to date, by Docchan et al. [40], achieved
13.16 Tb/s with 54 channel QPSK with TT stabilisation across a turbulent 10.45 km link.
Most recently, Guiomar et al. [138] achieved the highest spectral efficiency to reach 800 Gb/s

in a single channel using probabilistic constellation shaping 64-ary QAM over 42 m.

To enable these high-capacity technologies for ground-to-space links requires a tracking
system that can maintain SMF coupling in the presence of large angular velocities and
atmospheric turbulence. In this paper, we present results of a coherent FSO link operating
at 1550 nm between a deployable optical terminal and an airborne drone. Combining a TT
AO system with concurrent closed loop MV tracking, we maintain the SMF coupled link at
angular velocities up to ~ 1.5 deg/s, representative of the apparent motion of spacecraft in
LEO.

Our work uses the retroreflected signal serving as its own TT beacon [72, 115], which
due to atmospheric reciprocity [139] allows our terminal to simultaneously demonstrate
correction of the downlink beam to maintain fibre coupling as well as pre-compensation
of the uplink to maintain pointing on target. An overview of the experiment is depicted
in Figure 5.1. Our deployable optical terminal serves as a development test-bed for the
TeraNet-1 OGS [140], and also as a standalone unit, which with further optimisation could
facilitate Th/s ground-to-ground, ground-to-air, and ground-to-LEO coherent optical links.
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Figure 5.1: Schematic of the deployable optical terminal and experiment. Mon.
PD: monitoring photodetector; FFC: fibre to free-space collimator; QPD: quadrant
photodetector; CCR: corner-cube retroreflector; LED: light emitting diode; LoRa: ‘Long
Range’ radio communication format; Tx: transmitter; Rx: receiver.

5.3 Methods

For this experiment our deployable optical terminal was located on the roof of the physics
building at the UWA Crawley campus, approximately 34 m above sea level. An optical
breadboard housing the optics, MV system, GPS receiver, and single board computer was
fastened to the mount, shown in Figure 5.2. Electrical cables and optical fibre carried
signals to the TT AO control electronics on the mount base and communications equipment
housed in a separate enclosure. To simulate a satellite pass, we used a drone carrying an
optical payload that includes a CCR, flying at an altitude of 120 m over the Swan River and a
line-of-sight distance of 500—700 m for a folded link length of up to 1.4 km. Figure 5.3 details
the interactions between components during the acquisition and tracking phases. CCRs
installed at two fixed locations provided static links of 600 m and 2.4 km folded lengths,
used for calibration and troubleshooting. A summary of the mount design parameters is
presented in Table 5.1, and each subsystem is described in further detail in the following

subsections.
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; \‘ Lens+QPD

Figure 5.2: Left: The optical breadboard layout. MV: Machine vision lens and camera; TTM:
tip-tilt mirror; LM: static launch mirror; GBE: Galilean beam expander; QPD: quadrant
photodetector; SBC: single board computer; PD: photodetector; BS: beam splitter. Right:
The deployed optical terminal. Optics and MV are located on the far side of the breadboard.
The TTM control electronics are visible on the lower left of the mount base. The telescope
mounted on the left was not used for this experiment.

Table 5.1: Mount parameters

Parameter Value
Transceiver aperture 50 mm
Transmit laser
Wavelength 1550 nm
Beam waist 17.1 mm
Power 11.7dBm
Machine vision
Focal length 500 mm
Field of view 1.0°x0.75°
Pixel scale 9 purad/pixel
Mount command rate 10Hz
Beacon wavelength 532 nm
TT AO
Bandwidth 200 Hz
Mirror actuation range +2mrad
Mirror resolution 50 nrad
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Figure 5.3: Block diagram showing interfaces between components during initial
acquisition (blue) and continuous tracking (red).

5.3.1 Mount

Our deployable optical transceiver terminal was built around a PlaneWave Instruments
L-350 precision altitude-azimuth astronomical mount. This mount provides smooth,
accurate tracking and slew speeds of up to 50 deg/s for rapid acquisition. The mount is
controlled by the remotely accessed single board computer located on the optical
breadboard. Initial pointing of the mount can be provided by spacecraft two-line element
(TLE) ephemeris or aircraft automatic dependent surveillance-broadcast (ADS-B)
retrieved over the internet, or in the case of this experiment, from GPS coordinates
transmitted from the drone via 921.2 MHz LoRa signal. The vendor-provided mount API
natively accepts TLEs and calculates the mount path accordingly, while ADS-B and GPS
coordinates are converted into mount altitude and azimuth coordinates by our bespoke

software layer above the mount API.

5.3.2 Machine Vision

GPS and TLE coordinates are not sufficiently precise to point an OGS accurately enough
to acquire its target. To provide an intermediate acquisition and tracking stage between
TLE/GPS and the TT AO system, an MV system is used for optical closed loop control of
the mount. We use a commercially available MV camera with an f =500 mm lens, giving
a 1.0° x 0.75° field of view. An example image is shown in Figure 5.4. This is large enough
to allow for errors in TLE/GPS-derived pointing, but with a fine 9 urad/pixel for tracking
resolution. A broadband green filter was added to enhance the SNR of the drone’s 532 nm
beacon LEDs over the blue-sky background. An infrared MV scheme may possibly allow a
higher quantum efficiency. However, a 532 nm scheme was ultimately chosen because of

the availability of the constituent components.
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Figure 5.4: Image from the machine vision tracking camera. The red cross shows the
detected position of the beacon LEDs. The white circle shows the tip-tilt mirror actuation
range, centred on the predetermined hotspot.

The response time of the mount limited the rate at which it could receive commands
from the MV system to ~ 15 Hz, but to avoid intermittent CPU bottlenecks on the single
board computer we further limited the camera acquisition and command rates to 10 Hz.
Each image was thresholded to detect the four beacon LEDs on the target that circumscribe
the CCR. The pointing error is calculated from the pixel difference between the center of
mass of the thresholded pixels and the “hotspot”; the pixel coordinates where the target
must be located for the retroreflected laser to be coupled back into the SMF. The difference
in pixel values are converted to errors in azimuth and altitude angles, and then fed to a
software PID control loop to calculate offset rates, in arcseconds per second [141], to apply
to the mount to maintain the target on the hotspot. The hotspot is determined pre-flight
using the 600 m and 2.4 km static links. The camera was aligned on the mount such that

the x-axis aligned with azimuth, and the y-axis with altitude.

5.3.3 Coherent Communications

The 1550 nm optical communications signal under test was generated by a COTS C
form-factor pluggable 27.95 Gbaud dual-polarisation QPSK DCO module, with net line
rate of 118.8 Gb/s, typical of high-capacity fibre-optical transport networks. This DCO
module was controlled with an evaluation board, providing access to standardised pre-FEC
BER and received power measurements with a 1 s minimum performance monitoring
interval [119]. This 1 s sampling rate is suitable for deployment in fixed fibre networks,
but will not capture amplitude shifts seen on a free space link due to the shorter
atmospheric coherence time (a few to tens of milliseconds). In-fibre commissioning of the

DCO module demonstrated the threshold power corresponding to a FEC-correctable BER
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of 4.5 x 1073 is approximately —30dBm (optional registers reporting optical SNR [119]
were not implemented in this module). This BER value was taken to be the threshold for
error-free communication, with the caveat that a 1 s period of reception averages out short
duration bit error events over a free-space link and some instances may exceed the
error-free threshold. Unfortunately, post-FEC BER nor QPSK constellations were
available from this module.

As the DCO power measurements are taken at 1 Hz, fast power fluctuations due to
atmospheric turbulence are subject to aliasing. Therefore, a 90:10 splitter sends 10% of
the received light to a monitoring photodetector to capture received power information at
2 kHz. This sample rate is faster than the atmospheric coherence time, and allowed us
to determine whether short duration deep fades due to turbulence or pointing errors were
present; if signal is observed throughout the drone passes then the goal of robust SMF

coupling is successful.

5.3.4 Optics

The communications signal is fibre-fed from the DCO module to the mount via an EDFA
nominally providing 20 dB gain and <5 dB noise. The amplified output power was verified
using a handheld power meter before feeding to the mount, where it is transmitted from a
FFC as a beam of waist radius wg = 1.14 mm. The beam is directed to a 50:50 beam
splitter, needed for the TT AO correction of the returned beam, where 50% of the power is
transmitted through the system. The transmitted portion of the beam is expanded by a
15x Galilean beam expander to a waist radius of wg = 17.1 mm from an aperture diameter
of 50 mm. We chose this beam size to be as large as possible to minimise divergence due to
diffraction, while remaining smaller than the expected worst-case Fried Parameter size
(ro, typically on the order of ~ 10 cm at 1550 nm for strong turbulence). In this regime,
scintillation is negligible and first-order TT AO alone is sufficient to correct for
atmospheric turbulence. The expanded beam is reflected off the piezo-electric FSM to a
static launch mirror before exiting from the system. Note that in Figure 5.1, these two
mirrors are swapped for graphical convenience, but this is functionally identical.

After propagating across the atmospheric channel to the drone, the beam is
retroreflected and returned to the transceiver where it follows the reverse path through
the optics. This time, at the beam splitter, the transmitted light is coupled back into the
SMF to be sent to the communications module and monitoring photodetector, while the
reflected light is focused onto a position sensitive QPD. Variations in AoA of the

retroreflected beam imparted by turbulence and/or pointing errors are translated into
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lateral spot movement on the QPD, which is used by the PID loop and control electronics
to drive the FSM actuation to maintain the spot centering.

The TT AO system consists of a two-inch diameter mirror mounted to a commercial
fast piezo TT platform and its associated electronics. The piezo platform has a specified
closed-loop angular resolution of 50 nrad and actuation range of +2 mrad in two dimensions.
During this experiment, the TT loop was operated at 200 Hz. Due to atmospheric reciprocity
[139], the TT loop has the dual effect of correcting beam wander of the outgoing beam to
maintain pointing, as well as correcting the AoA of the return beam to maintain fibre-
coupling efficiency.

A link budget for the experiment is presented in Table 5.2. The in-fibre transmit power
was limited to a maximum of 11.7 dBm to avoid saturation of the QPD and mitigate the
effect of prompt reflections, largely from the refractive elements of the beam expander. The
terminal optics imposed a combined 15.7 dB loss across transmission and reception, leaving
26 dB of link margin above the —30 dBm threshold for pointing, geometric, and atmospheric

losses.

Table 5.2: Demonstration link budget

Parameter Value
In-fibre transmit power 11.7dBm
Transmit beam split loss -3dB
Geometric and clipping loss -1.7dB
Receive beam split loss -3dB
Single-mode fibre coupling loss -8dB
Received power threshold for 10™* —30dBm
BER

Link margin 26dB

5.3.5 Drone

To simulate the angular motion of a satellite in LEO, we use a professional grade drone
carrying a gimbal-mounted optical payload consisting of a two-inch CCR to return the
1550 nm signal, four 532 nm beacon LEDs for MV tracking, and a camera for payload
orientation. The drone also carries a GPS and barometric altimeter that relay coordinates
to the optical terminal via LoRa for autonomous acquisition. The drone has a maximum
horizontal velocity of 65 km/h, allowing us to easily mimic the ~ 1 deg/s angular tracking
rates of LEO across the ~700 m distance to the optical terminal. Figure 5.5 shows the
drone in flight with the payload LEDs illuminated (top), and a close up of the payload
(bottom).
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Figure 5.5: The drone in operation, with machine vision beacon LEDs visible on the gimbal-
mounted optical payload. Inset: Close-up of the optical payload showing the beacon LEDs,
corner-cube retroreflector (CCR), and camera.

5.3.6 Flight Operations

After take-off, the drone climbed to a regulation-limited 120 m altitude and moved into
position over the Swan River, then adjusted the gimbal pointing so the beacon LEDs were
oriented toward the mount. The onboard GPS module continuously transmitted the
drone’s position to the optical terminal computer, which was converted into altitude and
azimuth angles to point the terminal at the drone. Once the LEDs were visible within the
camera’s field-of-view, the MV loop was closed and the mount pointing adjusted to acquire

and maintain the drone beacons on the hotspot.

With the drone located on the MV hotspot, the laser was nominally incident on the CCR
and signal was returned to the terminal. However, given the relatively short distance to
the drone and its susceptibility to wind buffeting, return power was only intermittently
observed until the TT loop was closed and signal was stable. The MV and TT loops ran
concurrently to track the drone correcting for macroscopic motion, whether intentional or
due to wind buffeting, as well as beam wander from atmospheric turbulence. The MV

controlled the mount for high-amplitude, low-frequency (= 1 Hz) errors and the TT loop
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controlled the FSM for low-amplitude (< 2 mrad), high-frequency errors. With both tracking
loops closed, we flew the drone in passes replicating the tracking rates needed for FSO links
to spacecraft in LEO. Figure 5.6 shows a map of the drone flight path, which was limited in
the north by obstructed line-of-sight, and to the south by dense marine traffic.

—

5 Static Links E
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@ Optical Terminal |/
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Figure 5.6: Map of flight area around the University of Western Australia campus in
Perth, Western Australia. Red dot is the deployable optical terminal on the roof of the
physics building, blue lines are static link paths, red line is the drone flight path during
the 2022/04/21 flight. Map generated with OpenStreetMap data under the Open Database
License (openstreetmap.org/copyright).

5.4 Results and Discussion

Flights were conducted on 2022/04/07 and 2022/04/21, with the former being a series of
test flights and the latter being the culminating “high-speed” flight. Atmospheric
conditions for these dates are shown in Table 5.3. Figure 5.7 shows the BERs versus
received optical power (top panel) for the flights with in-fibre measurements for reference,
as well as histograms for the received power (bottom panel) for both days. During testing
the received optical power ranged from —20 dBm to —12 dBm, implying total pointing,
atmospheric, and other losses of 8 dB to 16 dB. However, on 2022/04/21 smoke was present
due to controlled burns by the Parks and Wildlife Service; air quality monitoring from sites
16 km north and 18 km north-east reported peak PMjy 5 densities over 150 and 200 ug/m3
respectively, compared with average values for those sites of ~ 20 ug/m®. The increased

density of micron-sized particulates imposed an apparent additional loss of ~ 10 dB due to

71



CHAPTER 5. COHERENT FREE-SPACE OPTICAL COMMUNICATIONS AT LEO
TRACKING RATES

Mie scattering of the 1550 nm beam across the link, compared with the test measurements
taken in the clearer PMs 5 conditions on 2022/04/07. This reduced power resulted in an
associated increase in BER. The measurements deviate from the in-fibre reference due to
aliasing of the turbulence-induced power fluctuations occurring faster than the 1 Hz

sampling rate.

Table 5.3: Atmospheric conditions in Perth for flight dates.

Parameter 2022/04/07 2022/04/21
Temperature (°C) 30 25
Relative humidity (%) 25 34
Pressure (hPa) 1014 1023
Wind speed (km/h) 15 17
Wind direction W N
Cloud cover (%) 18 10
Air quality (Peak PMs 5, ug/m?)
Duncraig (16 km N) <10 160
Caversham (18 km NE) 10 > 200

Pre-FEC BER

4/07 Test flight
®  4/21 High-speed flight

—— Fibre reference

-30.0 -27.5 -25.0 -22.5 -20.0 -17.5 -15.0 -12.5 -10.0
Received power (dBm)

Figure 5.7: Top: Pre-forward error correction (FEC) bit-error rate (BER) versus received
power. The black line is measurements taken in fibre, delineating best possible
performance. The gray dots are measurements from two of the 2022/04/07 test flights, red
dots are from the 2022/04/21 high-speed flight. Bottom: Histogram of received power. Gray
is from two 2022/04/07 test flights, red is from 2022/04/21 high-speed flight.
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In-fibre testing with a signal modulated by +3 dB at 220 Hz produced a two orders of
magnitude increase in BER, with the aliased power measurements distributed near
uniformly across the modulated range, as seen in Figure 5.8. We therefore conclude the
clustering of points at the top right of Figure 5.7 is due to a period of particularly high

turbulent variability across the link.
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Figure 5.8: Left: Time series for power (red) and log-scale bit-error rate (BER) (green) for
rapid power modulation test of the communications module. Right: Scatter plot of (BER)
versus power for modulation on (orange) and off (black).

Figure 5.9 shows time-series data for the 2022/04/21 high-speed flight, showing drone-
terminal distance, drone velocity, mount azimuth tracking rate, MV tracking error, received
optical power, and pre-FEC BER. Drone distance and velocity were calculated from GPS
coordinates, which also provide an independent measure of the mount azimuth tracking
rate in addition to the values reported directly by the mount. The MV tracking errors are
the offsets in milliradians between observed drone position and the hotspot.

The measurement series spans a total of eight drone passes over ~ 750 s, with the
longest uninterrupted link period of ~ 318 s, or four drone passes. The link is only broken
at the end of the fourth and sixth passes (t=318 s and =439 s) when the drone
decelerated abruptly at the flight area boundary, resulting in pointing errors too fast for
the MV and too large for TT loops. When this occurred, the transmitted beam was longer
incident upon the CCR, and therefore no signal was returned; it is not the result of
turbulence or poor link quality. During these periods of interruption, the MV tracking
remains active as long as the drone remains visible in the 1.0° x 0.75° field of view. When

the tracking returns the drone to the hotspot, the TT loop is closed again.
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Figure 5.9: Time series data. From top to bottom: -Line-of-sight distance between the
deployable optical terminal and drone as calculated from GPS. -Drone horizontal velocity,
as calculated from GPS. -Mount azimuth tracking rate, as calculated from mount (grey)
and GPS (blue). -Machine vision tracking errors in azimuth (grey) and altitude (orange).
-Received optical power from photodetector (blue) and communications module (red). -Bit-
error rate after forward error correction (FEC) (green). Times of link dropout are delineated
with a dotted line (¢ =318 s and ¢ =439 s).
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During the flight, the drone ranged from around 550 m to 660 m line-of-sight distance.
The drone reached a maximum speed of 60 km/h, corresponding to an azimuth tracking rate
of 1.5 deg/s. The MV tracking errors show the effect of wind buffeting, with the azimuth
error frequently spiking well above 1 mrad while the altitude error remains stable below
0.25 mrad.

The returned optical power and BER plots show the link was lost only when the MV
error exceeded 2.5 mrad during the drone deceleration; somewhat greater than the
manufacturer specified 2 mrad actuation limit of the FSM. The pre-FEC BER fluctuates
between ~ 1078 and ~ 1073. Given the millisecond scale of turbulence-induced atmospheric
coherence time, instances of high BER will dominate the average within each 1 s sample.
Therefore, the BER data are very likely pessimistic compared to what would be observed
with shorter and more frequent sample periods, which conversely would likely resolve
more spikes above the FEC-correctable threshold. However, we can infer that for a
practical communications link, when the pre-FEC BER approached and exceeded the
FEC-correctable threshold of 4.5 x 1073, reliable communication could still be established
with an appropriate ARQ protocol at the data layer. With this in mind, the results serve as
confirmation that robust data transmission was maintained throughout the flight. Given
the presence of smoke induced power loss and the limitations of the DCO for free-space
links, the important result is the maintaining of the SMF coupling, rather than the specific
BER behaviour.

The monitoring photodetector, receiving only 10% of the returned signal, was operating
near the lower limit of its dynamic range, where its response is non-linear, making
measurements less accurate than the DCO reported values. The values shown in
Figure 5.9 were shifted by +10.7 dB to account for the splitter and normalize the output to
the DCO measurements. Due to the non-linearity it does not show the same variation in
power as the DCO aliased measurements, but its 2 kHz sampling rate serves the critical
purpose of showing that power fades are not occurring on timescales shorter than the 1 s
DCO sample time; verifying that we maintained fibre coupling throughout the drone
passes despite atmospheric turbulence, wind buffeting, and high angular velocity of the
drone. To the best of our knowledge, this is the first such terrestrial demonstration of TT
AO-stabilised robust SMF coupling at the angular tracking rates needed for coherent
ground-to-LEO links.

It is not possible to quantify the turbulence strength observed across the drone link
from the data available as the power measurements are post-TT correction and any AoA
variations from turbulence are coupled with those from drone movement/vibration.

Measurements without TT for comparison were also not possible as the TT loop was
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required to keep the beam on the CCR in the presence of wind buffeting. However, given
the fact that TT was sufficient to keep the beam centered on the QPD, we can conclude
that scintillation was negligible and the integrated turbulence resulted in a Fried
parameter size rg larger than the receiver diameter of 50 mm. For the round trip link
distance of 1.2 km at 1550 nm, this would correspond to a upper bound C2 of
5 x 10714 m~?3 throughout the experiment, per Equation 2.16 for constant C,21.

In some respects, a low-altitude drone link is more challenging than a link to a
spacecraft. At the ~ 600 m link length, the change in beam size due to divergence is
negligible such that at the drone it is still only on the order of the CCR size. The drone was
subjected to wind buffeting, causing motion at the scale of tens of centimeters even in mild
winds and moving the CCR in and out of the beam when the TT AO loop was not closed.
This motion was faster than the MV could correct the mount pointing, meaning that the
TT AO system was correcting for this in addition to AoA variations due to atmospheric
turbulence. Furthermore, without a TLE spacecraft ephemeris providing an a priori coarse
tracking path, the MV was responsible for tracking of the drone’s large scale motion rather
than making minor corrections to a pre-defined path. Despite these challenges the
terminal maintained the link, with dropouts occurring only during abrupt deceleration of
the drone as it approached flight boundaries, where the correction required was too rapid
for the mount tracking and too large for the FSM. This situation is not analogous to any
practical scenario of ground-to-LEO communications with a cooperative target.

A further drawback of the airspace and altitude restrictions on the drone was that tests
were limited to tangential paths at a distance of > 550 m. In this situation, the angular
velocity is almost purely azimuthal, at a low altitude angle (~ 8°). The mechanical azimuth
rate of the mount needed to track a target on sky with a given angular velocity scales
inversely with the cosine of the altitude angle, so the closer to zenith a satellite transits, the
faster the azimuth axis must rotate. A more robust test would be a flight that transits close
to zenith, more closely approximating the tracking demands on the mount axes where the
required azimuth rate increases dramatically. We aim to address this in future experiments
with light aircraft.

For this work we used the retroreflected beam as its own TT beacon, which provides
an AoA error signal despite atmospheric reciprocity due to the truncation of the Gaussian
beam at the CCR on the drone payload [115]. This was convenient as it minimised the
size and weight requirements of the drone. For a real LEO downlink, the spacecraft would
either transmit a dedicated beacon signal at a separate wavelength from the data signal, or
a portion of the data signal could be siphoned to use as the TT (or higher order AO) beacon.

In either scenario, the operation of the TT loop remains unchanged from this work.
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Our terminal has demonstrated the tracking capability for maintaining coherent
ground-to-LEO communications, but to develop the terminal into a system capable of real
uplink and downlink to LEO requires some optimisations. The line-of-sight velocity of the
drone in this experiment produced a Doppler shift of at most ~ 1 MHz, whereas the
Doppler shift seen from a spacecraft at 500 km altitude LEO is of order +10 GHz during
each orbital pass. For this experiment Doppler shift was negligible compared to the
+1.8 GHz accuracy of the DCO module, but for coherent communications from LEO, a local
oscillator capable of sweeping across a ~ 20 GHz frequency range would be required.

The MV system would also need to be tailored to the beacon being used by the spacecraft.
The limiting factor for our drone flights were the positional uncertainty from the GPS at a
relatively short distance, requiring a large field of view. A simple lens and visible camera
were sufficient as the beacon LEDs provided ample signal. A spacecraft beacon would be
significantly fainter and therefore the MV system might be incorporated within the larger
receiver optics using a dichroic/other beam splitter to increase sensitivity and resolution.
Depending on field-of-view constraints, separate coarse and fine MV systems may be needed
[141]. Tt is possible the downlink signal itself could serve as both TT and MV beacons, which
would require a camera sensitive at the signal wavelength. The demands placed on the MV
for LEO would also be significantly less compared to the wind-buffeted drone, meaning
the control loop could operate at a slower rate and allow for longer integration time of the
fainter beacon.

An increase in receiver aperture diameter is needed for more collecting power of the
downlink signal, and an increase in transmitter aperture is needed to reduce beam
divergence and geometric losses over the link distance to LEO. Aperture sizes of a few tens
of centimeters are sufficient for ground-to-LEO links [21, 130, 141]. If the ratio of aperture
size to Fried parameter D/rg is greater than one, either due to large aperture or strong
turbulence, higher order correction beyond TT is required to efficiently couple into SMF.
This can be accomplished with traditional AO [133, 142], or with novel ‘passive’ methods
such as photonic lanterns [143] or multi-plane light conversion [144]. In combination with
atmospheric phase-stabilisation technology [57,58,97], such a deployable optical terminal
could even facilitate secure ground-to-LEO continuously-variable quantum key
distribution [145].

5.5 Conclusion

We have demonstrated a robust, high-bandwidth coherent FSO communications link

between a deployable optical terminal and drone moving at LEO-like angular velocities.
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Combining MV optical tracking and large actuation range TT AO, we maintained
transmitted beam pointing and retroreflected beam AoA in the presence of atmospheric
turbulence and macroscopic motion to sustain the 100 Gb/s link. SMF coupling is required
for high capacity coherent communications, and ground stations with capabilities such as
described here will relieve the data bottleneck between earth and LEO and provide

ubiquitous fibre internet-like speeds to space.
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CHAPTER 6

Ground-to-Drone Optical Pulse Position
Modulation Demonstration as a

Testbed for Lunar Communications

Improved communications beyond Earth’s orbit requires optical signals modulated into
HPE formats—transmitting as many bits as possible per photon. The PPM format
introduced in Chapter 2 has been used in FSO communications to and from the Moon and
beyond. In this work we demonstrate transmission and reception of PPM signals on a
folded link to a hovering drone carrying a CCR. The SNR was intentionally kept at a low
level to simulate the signal characteristics in a marginal, deep space mission. We proposed
this technique as a method to commission OGS hardware for future deep space optical
communications missions. This drone-based technique also exceeded the distance of
similar reports at the time.

This chapter was published in the journal Drones. 1 was the first author on the
publication and contributed 50% to the experimental work and analysis, and 90% to the
manuscript preparation. The astronomical mount, optics systems, and drone piloting were
existing infrastructure carried over from the work described in Chapter 5. I was
responsible for modelling, designing, and operating the PPM system constructed from bulk
photonic and electronic components. Following the demonstration, I post-processed the
data and prepared the manuscript for publication. I also presented this work as a
conference presentation at the International Astronautical Congress in Paris, France,
during September 2022. This chapter was also submitted as a technical report to the
Australian Space Agency.
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6.1. ABSTRACT

Ground-to-Drone Optical Pulse Position Modulation
Demonstration as a Testbed for Lunar Communications

Skevos F. E. Karpathakis, Benjamin P. Dix-Matthews, Shane M. Walsh, Ayden S.
McCann, David R. Gozzard, Alex M. Frost, Charles T. Gravestock, Sascha W.
Schediwy

Published in the journal Drones

6.1 Abstract

FSO communication promises to bring fibre-like speeds to data transmissions between
ground, sky and space. This is becoming more important in light of the increasing volume
of data collected by aircraft and spacecraft. UWA is commissioning an OGS network to
support FSO communications payloads. We propose retroreflected links to drones as a
useful step towards further ground-to-sky and ground-to-space FSO communications
demonstrations. In this paper, we describe the operation of a hardware testbed for a HPE
optical communication physical layer. This testbed was deployed over a slanted free space
link to a drone to verify sub-systems required in communication between an OGS and a
spacecraft in cis-lunar space. Accomplishing this verification of the telescope pointing
systems and communications systems would have otherwise been much harder or

impossible without using a retroreflected drone link.

6.2 Introduction

From the Apollo era to today, deep space communication is conducted using RF, with the
Deep Space Network currently able to provide speeds up to 150 Mbit/s using the Ka
band [48]. However, RF bandwidth presents a bottleneck to expanding deep-space
communication capability for transmission of scientific data and other
non-command-and-control communications.

FSO communication between space and ground will enable the return of larger science
data payloads, larger telemetry payloads, and streaming high-definition video to Earth.
Pioneering experiments in FSO communication include NICT’s 1994 space-to-ground laser
downlink [63] and several space-to-space laser links in the 2000s [20,65,146]. In the 2013
LLCD, NASA demonstrated Moon-to-Earth optical communication at downlink speeds up
to 622 Mb/s, using the Lunar Laser Space Transmitter (LLST) [37]. In the Artemis II
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Mission [147], a crew of NASA astronauts will orbit the Moon in the Orion spacecraft. This
will be the first crewed lunar orbit since Apollo 17, over 50 years ago. The Orion Artemis II
Optical Communications System (O20) is the successor to the experimental LLST and will
initially support space-to-ground downlink at speeds from 80 to 260 Mb/s and
ground-to-space uplink at 20 Mb/s [61]. 020 will transmit information using the PPM
format, standardised by the CCSDS in the 141.0-B-1 Recommended Standard [54].

Earth’s atmosphere remains a challenge to FSO communication because of the
deleterious effects of atmospheric turbulence on optical propagation. Techniques for
mitigating turbulence and correcting optical wavefronts, such as adaptive optics, have
been successfully applied in optical astronomy for decades [56]. Therefore, organisations
specialising in optical astronomy and space situational awareness are showing interest in
establishing OGS networks to support FSO communications, including several Australian
institutes [62]. However, the limited accessibility of FSO communications-capable
satellites in orbit remains a challenge for commissioning ground stations. Hardware
testbeds in lieu of satellites and spacecraft are therefore useful for testing and verifying
OGS systems and sub-systems.

Retroreflected laser links to drones are one such testbed and have been used by the
frequency metrology community in preparation for tests of fundamental physics over
satellite laser links [148, 149]. For communications purposes, the channel statistics of
retro-reflected drone links have been analysed and tested for round-trip lengths up to
204 m [72]. A retroreflected communications link was demonstrated using orbital-angular
momentum multiplexed light at 40 Gb/s over a round-trip distance of 100 m [134].
Extensions to this method are possible. For example, due to drone mobility, a drone may
also be slewed, requiring the ground station to slew at equivalent angular rates to a LEO
satellite, therefore simulating LEO satellite tracking [3]. However, in the context of lunar
and deep-space communication, a stationary, hovering drone is more analogous to
communication with FSO payloads in cis-lunar space, deep space or geosynchronous orbit.
Furthermore, FSO communication demonstrations with stationary, long-distance drone
platforms are also of interest to terrestrial network designers, as drones have been
proposed as highly mobile nodes for FSO communication feeders in re-configurable
networks for disaster recovery and urban centres [150, 151]. Numerical studies of
drone-to-ground communication have also been conducted [152]. True drone-to-ground
communication for space simulation or terrestrial communication remains difficult to
accomplish due to size, weight and power requirements. One drone-to-ground
demonstration was conducted with a drone-borne active optical payload linked and

powered with a tether to conduct loopback measurements over the aerial link [153].
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However, the provision of a tether limits the drone’s mobility and altitude, while also
introducing vibration modes associated with tension in the tether. However, advances in
retroreflected links have led to achievements in drone-to-ground communications. In one
case a 560 m, 500 Mb/s drone-to-ground link was demonstrated by using a modulating
retroreflector [154].

In this paper, we present a 1.3 km round-trip retroreflected drone link, using a hardware
transceiver based on CCSDS 141.0-B-1. Using a drone in this scenario is presented as a
highly accessible, high-uptime testbed for FSO communications and flight operations. PPM
symbols were transmitted and received over a 1.3 km folded link formed between an optical
terminal and an optical payload, including a CCR, mounted to a multi-rotor drone. AoA
variations are exhibited by CCR-folded links despite atmospheric reciprocity [115], so the
optical terminal must simultaneously demonstrate correction of the ‘downlink’ beam angle
while pre-compensating for the ‘uplink’ beam pointing. The 4-PPM symbols with 8 ns slot
widths were transmitted, received and demodulated for a line rate of 50 Mb/s, using COTS

components.

6.3 Materials and Methods

Figure 6.1a shows a photograph of the optical terminal in panel, alongside Figure 6.1b,
a photograph of the drone and drone-borne optical payload. Figure 6.2 shows a detailed
schematic of the optical systems. As the link segment is a folded FSO range, the transmitter
and receiver hardware are conveniently located in the same cabinet and are isolated in fibre

with an optical circulator.

6.3.1 Optical Systems

The optical terminal is a precursor to a field-deployable mobile OGS. Coarse pointing with
the terminal mount (L.-350, Planewave Instruments, Adrian, MI USA) is achieved with
an MV system, comprising a visible-light camera, lens and single board computer, used to
image the drone and payload. The drone-borne optical payload includes a square array of
visible-wavelength (green) beacon LEDs, arranged uniformly around the centre of the CCR.
This beacon-camera arrangement feeds back to the MV system to automatically servo the
mount when engaged, keeping the beam within the field of view of the optical terminal’s
laser path. The field-of-view of the machine vision system is 17.5 x 13.1 mrad, with an

angular resolution of 9 purad.
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(a)

(b)

Figure 6.1: (a) Optical terminal. The upper-right box contains the free-space optics and
machine vision system. The lower-left box is a tip-tilt mirror high voltage stage. The
upper-left telescope is from an unrelated system. (b) Drone carrying the optical payload.
Inset: close-up of the optical payload, consisting of LED array, pilot camera and corner-cube

retroreflector.
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Figure 6.2: Schematic of the free-space optical pulse-position modulation demonstration.
CCR: corner-cube retroreflector;
programmable gate array; GBE: Galilean beam expander; PD: photodetector; PID:
proportional, integral, derivative; SWIR: short-wave infrared; VOA: variable optical

attenuator.
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The optical terminal also houses the FSO components for directing the laser beam.
Optical signals from the transmitter are fed to the terminal using fibre. At the FFC, the
signal is launched into free space. This beam passes through a 50:50 beam splitter to a
Galilean beam expander with a clear aperture of 43.5 mm. The beam splitter is required to
image the returning beam, so half of the outgoing power must be directed to a beam trap
and is lost. The outgoing beam is then steered by the FSM and stationary fold mirror, out
of the terminal. The incoming retroreflected beam follows the same path, but this time
half of the power is coupled into the fibre via the FFC, and then to the optical receiver. At
the link distance, no clipping due to beam divergence is caused by the aperture of the CCR
or the Galilean beam expander. Half of the incoming beam is directed by the beam splitter
to the imaging arm.

In the terminal’s imaging arm, a lens focuses the incoming beam onto a 3 mm QPD with
a field-of-view of 2.9 x 2.9 mrad. Two position signals from the QPD are used to estimate
AoA variations and are input into a PID controller (one for each of the pitch and yaw mirror
axes) and output to the FSM piezo actuators. The mirror has an actuation range of 4 mrad,
covering the QPD field of view. Co-alignment between the QPD and FFC means the FSM
provides high-frequency, narrow field-of-view pointing for fibre coupling.

Finally, the drone-borne optical payload also carries a camera to assist the drone pilot
in pointing the payload towards the optical terminal. The optical payload chassis is a
3D-printed enclosure and mounts to the COTS gimbal controlled using the drone’s native

software and controller.

6.3.2 Transmitter and Receiver Hardware

A PPM transmitter and receiver are implemented to demonstrate the capability of the
system as a testbed for lunar FSO communications systems. A field-programmable gate
array (FPGA) development board generates a PRBS, mapped to a 4- or 16-order PPM
waveform output. A high-slew-rate amplifier matches the digital output on the
development board to the modulation port of a high-extinction-ratio optical amplitude
modulator. A fibre-coupled seed laser in the 1550 nm optical C-band is used, as it
conveniently has polarisation-maintaining output fibre, avoiding polarisation-dependent
losses in the modulator due to birefringence.

The transmitter PPM waveforms were measured over a 2km fibre link in a lab
environment to determine the minimum possible slot width due to bandwidth limitations
of components. At 16 ns and 8 ns slot widths, the transmitted pulses exhibit well-defined
edges shorter than 1ns. At 8ns width, the raw bitrates with 4- and 16-PPM mappings
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(and guard slots) are 50 Mb/s and 25 Mb/s, respectively. PPM symbols with 4 ns slot widths
were tested but appeared distorted, most likely by the electrical transmission properties of
the physical interconnect between the FPGA pin and the driver amplifier, limiting the
achievable slot clock speed and, therefore, data rate. For the demonstration, the PRBS was
framed into 15120 bit codewords, using the 4-PPM format with an 8 ns slot width. A faster
slot clock could be achieved with a purpose-built modulator electrical interface, to achieve
the 020-specified 260 Mb/s.

The receiver hardware comprises an SMF-coupled InGaAs photodetector (Menlo
Systems FPD510-FC-NIR, typical to the coherent detection systems more often used by
the group) and digitiser, with sufficient bandwidth to observe the PPM waveforms. An
SMF-coupled detector was used as it was available, but a multi-mode fibre-coupled or
free-space detector would be better suited, as PPM communication is not mode-selective.
Slot and symbol synchronisation and demodulation are conducted offline in MATLAB. The
incoming PRBS is used to measure the BER of a sequence of PPM symbols. As the
incoming light is coupled to SMF, the PPM signal experiences fading from AoA variations
caused by turbulence, wind-buffeting of the drone, and mechanical vibrations of the optical
payload. A variable optical attenuator was also added ahead of the photodetector to

manually control the link margin.

6.3.3 Receiver Software

The offline receiver achieves slot synchronisation for a codeword by edge detection, for an
initial estimation of slot boundaries in the record of photodetector output voltage samples.
Symbol synchronisation is then achieved by overlaying and summing a number of
un-synchronised symbols and identifying the guard slot as the slot with the lowest
cumulative sum. Maximum-likelihood demodulation of each symbol is implemented by
summing the voltage values in each slot location and selecting the slot with the largest
value. If the signal is lost at the beginning of a codeword, synchronisation fails and the
codeword is discarded. However, if the signal is lost after a codeword is synchronised, the
demodulator has an equal likelihood four-way decision on the pulse slot location for a

given symbol.

6.3.4 Receiver Performance

For 4-PPM with a typical maximum-likelihood detector [155], errors arising from signal
fade will lead to a BER,
BER=Q (\/SNR) , 6.1)
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where @ (x) is the @-function. Analytical models for PPM error rates in terms of
photodetector physics are complex to derive. In order to compare the demonstration data
with this threshold, a simple model for SNR as a function of photodetector output voltage
was developed for this demonstration. Three parameters are observed in the photodetector

output voltage, vy,

Vg =VUs+ Uy +Up. (6.2)

The photodetector voltage comprises the PPM signal amplitude, vg, an offset voltage, v,,

and additive white noise fluctuations, v,, with zero-mean and variance 0'%. The optical

signal itself is assumed to be otherwise noiseless because of the high extinction ratio of the

modulator. Therefore, the SNR for each readout is

2 - (2

b
o

SNR = (6.3)

where (v2) is the mean squared value of the voltage corresponding to vg or v, sampled over

the entire codeword.

6.3.5 Demonstration Operations

The optical terminal, transmitter and receiver were located on the roof of the Department
of Physics building at The University of Western Australia at an altitude of around 34m
above sea level. The drone hovered at an altitude of 120 m (the maximum allowed by local
regulations without exemptions), with a 650m slant distance from the terminal site,
completing the 1.3 km slanted folded link. While the drone was hovering, the pilot would
use the optical payload camera to coarsely align the CCR with the optical terminal. At the
optical terminal side, the drone was pulled into the MV system’s field-of-view by slewing
the mount while viewing the MV camera feed. Upon entering the field-of-view of the MV
system, the tracking system could be engaged, automatically moving the mount to locate
the CCR within the field-of-view of the QPD. The TT system then dynamically corrected
pointing errors. Operating concurrently, the two pointing and tracking systems effectively
maintained fibre coupling while the drone hovered in place. If the TT system was
disengaged by disconnecting the PID controllers, the MV system was not able to couple the
laser light back into the SMF on its own, due to the beam size, link distance, and wind

buffeting of the drone.
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6.4 Results

Results are presented for a drone flight conducted during the day on 18 March 2022, at
2:30 PM. The wind speed recorded nearby, at Perth Airport, was =16.7 km/h [156].

The link budget for the testbed is presented in Table 6.1. The optical sensitivity floor for
the photodetector was determined to be —33 dBm, corresponding to a mean output voltage
of 1.4mV. During measurements, the variable optical attenuator was adjusted such that
the received power, after pointing losses, was near the threshold for error-free reception.
Error-free reception occurred when the output voltage exceeded 2.9 mV, corresponding to an
optical pulse power of —30.3 dBm. With AoA correction and additional fixed attenuation, the
average received power was maintained within a small margin of the detector’s sensitivity
limit. Under one-third of the codewors were received with zero bit errors, confirming this
intended marginal performance condition. At this link distance, the beam size is smaller
than the Fried parameter and, therefore, scintillation due to turbulence was not expected to

cause any fading in excess of the AoA errors caused by drone movement and beam wander.

Table 6.1: Link budget for retroreflected laser link to drone.

Parameter Value
Transmit power 13.0 dBm
Modulator insertion loss -3.50 dB
Circulator losses -240 dB
Splitter loss (2 way) -6.00 dB
Singlemode fibre coupling penalty -10.0 dB
Receive power (error free) -30.3 dBm
Combined pointing and variable attenuator loss -22.6 dB
Mean photodetector sensitivity -33.0 dBm
Error-free link margin 2.70 dB

To confirm receiver functionality, BER was compared to Equation (6.1) using
observations for SNR per Equation (6.3). The portion of transmissions received with bit
errors, caused by partial or complete signal fading arising due to pointing errors, allow the
receiver performance to be characterized. Figure 6.3 shows the SNR as derived from
Equation 6.3 and BER for 720 codeword transmissions, with each data point representing
a single 15,120-bit codeword. This record has a BER measurement sensitivity floor of
1/15,120 errors per bit, and a ceiling at 1/2 errors per bit, caused by failure to demodulate,
though pulses were present. For comparison, the theoretical BER, from Equation 6.1, is

plotted alongside the data as a black line in Figure 6.3.
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Figure 6.3: Bit-error rate versus signal-to-noise ratio (SNR) of 720 received 15120 bit 4-
pulse-position modulation codewords.

6.5 Discussion and Conclusion

This demonstration involving a drone-borne CCR provided a useful return on experience
towards FSO communications developments, including potential communication with 020
on a full-sized OGS. This was particularly true in the domain of flight operations, not
otherwise accessible without enlisting the services of professional small aircraft operators,
or operators of commercial high-altitude pseudo satellites, or the few FSO
communication-capable satellites in orbit. The drone link demonstration required the
coordination of equipment and planning of methods within the research group and was
subject to scheduling with the aviation authority and local government as well as
uncontrollable go/no-go conditions such as wind warnings and rain. In effect, the
availability of the drone provided a scaled-back simulation of space operations.
Interpreting Equation 6.3 implies the optical sensitivity floor represented by v, is
analogous to background counts in photon-counting receivers, and a comparison may be
drawn between the drone link and LLCD results [68]. Downlink results from [68] reported
error-free communication at 38.55 Mb/s with a link margin of 13.5 dB between signal and
background photon counts. Per Table 6.1, the error-free link margin for the demonstration
was 2.70 dB. While it is not possible for this testbed to recreate the transmission powers
and link losses of a lunar-to-ground link, the receiver may be similarly tested with the link

margin at the limit of its sensitivity. This scales with detector technology, so a
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photon-counting detector with a lower sensitivity floor may be integrated into a future
iteration of the testbed, and the receive power adjusted to recreate the link margin
conditions.

Figure 6.3 shows a main cluster of BER versus SNR results following the theoretical
relationship, confirming the expected performance of the receiver. = However, the
demodulation algorithm implemented often failed to completely demodulate a codeword if
too many early symbols were faded, or if the slot or symbols synchronisation had failed,
causing ‘synchronised’ pulses to fall across slot boundaries. These cases account for the
outlying clusters at the top of the graph, stratified around BERs of 0.5 and 0.33, and
indicate further margin for improvement of the offline receiver algorithm before investing
engineering time into a real-time receiver.

The 1.3 km retroreflected drone link presented can be extended with materials and
methods previously demonstrated over shorter retroreflected links such as verification of
atmospheric channel modelling [72]; demonstration of other communication formats [134];
or demonstrations of modulating retroreflectors [154]. Further extensions previously
demonstrated include links to tethered drones, carrying active optical payloads [153], or
drones moving in paths tangential to the ground station, thus requiring the ground station
to track at angular rates equivalent to satellite tracking [140]. Furthermore, results from
FSO communication demonstrations with stationary drones will be of interest to designers
and analysts planning future terrestrial and disaster-response networks [150,151].

The drone provided a testbed to perform technical verification of the prototype
communications equipment, intended for a future lunar FSO communication link, over a
real, time-varying channel. This also tests the mechanical robustness of the optical
assembly and pointing systems. The effectiveness of the testbed is limited by
dissimilarities to O20 in terms of PPM parameters and detector technology, as well as the
relative differences in aperture sizes and optical power levels involved (intrinsically linked
to detector technology and link distance). However, some of these limitations can be
addressed with changes to the optics and launching the drone from a different location.
Furthermore, without undertaking more fundamental demonstrations of capability, costly
engineering upgrades to make the communications system more closely resemble 020,
such as the integration of photon-counting detectors, are risks and may not be supported
by prudent systems engineering processes. The drone testbed will allow us to continue
rapidly integrating and testing subsystems as work progresses to a more complete
emulation of a cis-lunar communication system. Therefore, this paper supports the case
for retroreflected drone links as useful testbeds for developing FSO communication

capabilities while access to FSO communications payloads in orbits remains limited.
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CHAPTER 7

Conclusion

This thesis investigates high-speed, fibre-like, optical communications carried out on FSO
links, motivated by the growing demand for bandwidth in communications between space
and ground. Three classes of space mission are positioned to benefit significantly from the
advantages offered by FSO communications: telecommunications satellites in GEO, Earth
observation satellites in LEO, and spacecraft exploring deep space. OGS installations
around the world require proven atmospheric stabilisation systems to suppress the
deleterious effects of atmospheric turbulence on FSO propagation. The reported
demonstrations show how retroreflected links to stationary and airborne terrestrial
targets may be used to develop and validate such atmospheric stabilisation systems. This
chapter summarises the outcomes of each preceding chapter, outlines the significance of
the body of work presented, and discusses future work planned to follow on from the thesis

project.

7.1 Summary of Work

Chapter 3 introduced the concept of a retroreflected atmospheric link, established
between a transceiver and a CCR. Analytical models of statistics of phase noise, AoA
variation, and intensity scintillation of practical point-to-point links are given and
modified to describe retroreflected links. This modification was tested experimentally
using simultaneous measurements of the three quantities on a real retroreflected
atmospheric link. Good agreement was found between the simultaneous measurements,
reinforcing the suitability of the modifications made to the analysis and encouraging the
use of retroreflected links to test atmospheric optical systems for future use in

point-to-point fashion.
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Next, Chapter 4 documented a demonstration of high-bandwidth coherent FSO
communications at the limit of what is achievable without atmospheric stabilisation.
COTS fibre communication equipment was used to show how very established,
interoperable, technologies can be translated to this new domain. Optical intensity
recordings were used to estimate the scintillation index during the demonstration,
providing insight into the magnitude of power fluctuations encountered on a real
atmospheric link and the ‘breaking point’ for unmodified, COTS equipment. The 10.3km
link was modelled to show equivalence, in terms of integrated turbulence, to a
ground-to-GEO link and therefore has implications for future high-bandwidth
telecommunications feeders using established networking equipment to meet future
bandwidth demands.

A deployment of the same high-bandwidth coherent FSO communications technology
to an aerial target tracking demonstration, simulating the downlink of sensor data from
an Earth observation satellite in LEO, is detailed in Chapter 5. In this demonstration,
atmospheric TT stabilisation was used to maintain fibre-coupling in a retroreflected link
to a drone-borne CCR. The optical terminal was also mounted to an astronomical telescope
mount, providing large-scale altitude and azimuth degrees of freedom. The telescope mount
was required to track the flying drone at angular rates similar to a LEO pass. The fibre-
coupling was sufficient to maintain a FEC-correctable BER in the communications signal
for most of the flight, despite the relatively high tracking rates.

Finally, Chapter 6 described works testing the capability of a prototype OGS to
demonstrate a HPE optical modulation format. PPM signals were transmitted and
received between the OGS and a drone-borne retroreflector hovering in place. The system
was shown to work down to a theoretical minimum SNR and provided another example for

commissioning technologies for the task of deep space FSO communication.

7.2 Significance of the Work

This body of work represents a significant contribution to the field of FSO communication
through the development and validation of methods for commissioning prototype OGS
hardware. Two key outcomes were (a) the advancement of commissioning methods
involving retroreflected links and (b) creating coherent communications infrastructure for
validating future high bandwidth FSO links.

Experimentally-validated models for retroreflected links were put forward in
Chapter 3. The impact of Chapter 3 is multifaceted. First, it validates recent modelling

showing AoA variation in retroreflected links despite atmospheric reciprocity [115].
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Second, the agreement between three sources of C2 measurement lead to high confidence
in each individual metric. In particular, the model for phase noise modified for
retroreflected links has applications to FSO range and rate measurements. An improved
understanding of atmospheric turbulence-induced phase noise is key to enabling highly
precise coherent techniques for measuring range and rate [109, 157]. Retroreflected links
were used exclusively throughout the remaining works described in Chapters 4—6.

In the course of this project, the coherent communications DCO module proved to be of
significant benefit, becoming a key piece of infrastructure. The DCO module was initially
used in its COTS configuration for the airborne work described in Chapter 5. Later, the
sampling technique was improved, while undertaking the work described in Chapter 4 to
optimise the measurements for free-space links. Demonstrating capability with the DCO
module is proving to be highly useful because high bandwith FSO communications
appears to be moving towards using such devices, with little-to-no modification, within an
FSO networking stack [70,71]. The limitations of this work are discussed in Section 7.3

and the follow-on work is described in Section 7.4 of this thesis.

7.3 Limitations of the Work

The limitations of the work described in this thesis present avenues for improvement of
future research. First, as stated in Section 2.1.4, the CCR optical cross-section was omitted
from all of the link budgets in the thesis due to the complexity of analytically modelling
the effect of CCR’s on an optical signal’s wavefront. For example, the edges and facets of
the CCR distort the optical signal wavefront, affecting its SMF coupling efficiency. This
can be investigated using a numerical technique involving phase screen models for
wavefront distortions [89]. Such a numerical study would contribute to the understanding
of retroreflected link usage promoted by this thesis. This is possibly a minor concern, with
conventional wisdom suggesting the imaged CCR facets do not contribute a significant
fibre coupling loss compared to the diffraction losses associated with the CCR aperture
itself.

Second, the results presented in Chapters 4 and 5 could have been supplemented with
a more detailed analysis of FSO link statistics. Atmospheric FSO links are considered to
be stationary over a ‘coherence time’ and measurements longer than this interval are
biased by changing conditions. Links may be further characterised by the probability of
fade and fades per unit time [72]. Coherence time in FSO links from LEO is on the order of
1 ms [158]. However, as a consequence of the equipment usage, BER measurements were

taken over 20-30 ms intervals in Chapter 4 and one second intervals in Chapter 5.
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Further work should incorporate concurrent photodetector measurements, taken at a rate
of 1 kHz or greater, to calculate the link’s coherence time, probability of fade, and fades per
unit time. This would (a) add additional context to the reports of link conditions and (b)
provide deeper insight into the DCO module’s potential performance when transmitting
realistic data packets with shorter duration than the atmospheric coherence time. Further
characterisation could have been achieved by comparing the spectral properties of the
demonstration links to the corresponding space communication scenarios. For example,
the scintillation index comparison of Chapter 4 or the tracking rate comparison of
Chapter 5 would both have been enhanced by comparison with theoretical frequency

spectrum of coupled fibre power for each scenario.

Additionally, the CCR-based methods presented in this thesis, albeit convenient, do not
capture the breakdown in reciprocity between uplink and downlink transmission in
satellite—ground FSO links. In space—ground links, the point-ahead angle between uplink
and downlink signals may exceed the isokinetic angle, meaning the signals experience
uncorrelated first-order disturbances [159]. When the point-ahead angle exceeds the
isokinetic angle, separate AO systems are required to stabilise the uncorrelated
turbulence experienced in each direction. Terrestrial demonstrations involving CCRs do
not capture this effect and cannot be used to verify the performance of point-ahead AO
systems. Thus, the absence of a mechanism to reproduce point-ahead angle and measure

its effects is another limitation of the methods developed for this project.

Finally, terrestrial retroreflected links to drones are not suitable for testing the
tracking systems with full-sized OGS apertures, on the order of 0.7-1 m. As a consequence
of the link geometry, the point-spread function of a 76 mm CCR on the tracking sensor of a
full-sized OGS telescope will be close to, or exceed, the field-of-view of the sensor at
practicable link distances. This arrangement makes tracking via closed-loop feedback
feedback impossible. Furthermore, the arrangement of a full-sized OGS aperture with a
separate, off-axis, uplink transmitter pointing at a drone-borne CCR may not be practical.
However, it should be stated the intention of the technique is to develop tracking
technology in an incremental manner with small-aperture systems. The CCR allows
convenient development of many systems in the presence of atmospheric turbulence
without the complication of a full-sized OGS. With the benefit of these experiences, a
development team can begin to deploy a large aperture OGS in preliminary satellite FSO
communications demonstrations with a high degree of confidence in the performance of the

tracking systems and expected communications throughput.
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7.4 Future Work

The work described in this thesis leads into two related future bodies of work. First, the
OGS commissioning activities can be extended to higher-altitude links through use of light
aircraft or helicopters. Second, the OGS hardware itself must be prepared for future
operational use as part of an OGS network. The following concluding subsections outline
ongoing work towards these two research and development themes. Additionally,
Section 7.4.3 expands on additional FSO communications techniques that might employ

an operational OGS network.

7.4.1 High-Altitude Tracking

Demonstrations of tracking and communications to a high altitude target was reasoned to
be the next stage of this commissioning work. This stems from a need to test the dynamic
tracking systems described in Chapter 5 with a larger range of motion, closer to a complete
LEO satellite pass. Along with the larger range of motion, a longer link distance is sought,
on the scale of the 10km retroreflected link described in Chapter 4. Establishing
long-distance links from a rooftop to ground targets is impossible at the current location
due to ground clutter. Furthermore, downward slanted links over 5 km are often subject to
turbulence exceeding ground-space links, due to the density of the atmosphere close to the
ground. This makes high altitude links necessary to achieve the distance and tracking
range requirements. However, the drone used in previous demonstrations has a limited
flight time at altitudes exceeding 120m. Therefore, the CCR must be borne by aircraft
capable of flight around 3 km, such as the fixed-wing aircraft, shown in Figure 7.1a, or the
rotary-wing aircraft, shown in Figure 7.1b. Flight tests have been conducted with these
aircraft, again using a CCR to complete the retroreflected link [160]. I am a contributing
author on a publication describing this work. Success in these high altitude tests was one
of the final milestones in the process of achieving institutional support for the construction
of TeraNet, a three-node OGS network in Western Australia, with an overview in
Section 7.4.2.

7.4.2 TeraNet

TeraNet is an OGS network comprising two fixed ground stations and a mobile ground
station mounted to a utility vehicle. Figure 7.2 provides a map of Western Australia
showing the locations of the three nodes. TeraNet-1 and TeraNet-2 are the fixed ground

stations, located in Perth and outside Mingenew, respectively. These ground stations will
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be based on 0.7 m telescopes; thus they have a large receiver gain. To support deep space
optical communications, a high-sensitivity detector needs to be developed or procured.
COTS solutions are available [161] for satellite networking using O3K, PPM, or NRZ.
These solutions involve fibre-coupled detectors, so the 0.7 m apertures will require higher
order AO in order to optimise fibre coupling. This is also an opportunity to investigate
novel methods for higher order AO using mode-converting devices [99, 100]. Site
characterisation will involve measurements of turbulence to tune the AO system, and also
to take measurements of the background irradiance to determine the noise floor for weak
light signals from deep space optical payloads. TeraNet-3, utilising a 0.4 m telescope, will
initially be equipped with first-order AO, as the D/ry will generally be lower than the fixed
ground stations. TeraNet 3 is mobile, and intended to provide satellite connection in areas
cut off from terrestrial networks. Figure 7.2 shows the initial location of TeraNet-3 at the
ESA deep space facility in New Norcia. This location is advantageous as it allows
TeraNet-3 to be tested while connected to existing space communications infrastructure,
with terrestrial links back to other ESA facilities worldwide. TeraNet-3 is also being used
to develop methods, based on daytime astronomical measurements, for accurate
localisation in GPS-denied environments. Consideration for laser safety, particularly
around aircraft, will be important to the development of the OGS network. Once
commissioned, the three TeraNet nodes will be able to connect with future FSO-capable
satellites. Furthermore, as part of an Australia and New Zealand OGS network [62],

TeraNet will be able to participate in hand-off to and from other OGS nodes, providing

seamless coverage over Australia.

(a) (b)

Figure 7.1: Two aircraft used for high-altitude testing: (a) a fixed-wing aircraft and (b) a
rotary-wing aircraft provided by the Police Air Wing of the Western Australia Police Force.
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\

(ToraNet2) o
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Figure 7.2: The locations of the TeraNet network of optical ground stations in Western
Australia. TeraNet-1 and TeraNet-2 are based on 0.7 m telescopes and will be located in
Perth and near Mingenew (383 km north of Perth), respectively. TeraNet-3 is a mobile
optical ground station, based on a 0.4 m telescope mounted to a utility vehicle. It is
planned to be located in New Norcia (132 km north-east of Perth), near ESA’s deep space
communications facility.

7.4.3 Additional Techniques

Further thought may be given to demonstrating OGS technologies for relay networking.
Relay networking between two OGS sites and a space-borne payload was demonstrated in
the Laser Communications Relay Demonstration (LCRD) [162]. The terrestrial
demonstration techniques described in this thesis could be adapted to simulation of relay
networking by replacing the CCR with a retroreflecting prism or other optical relaying
device. If a space payload were available, the TeraNet OGS network could support a
multi-node demonstration similar to LCRD. Satellite-to-satellite relay networking also
benefits from the increased bandwidth provided by FSO communications. The European

Data Relay System [42] utilises optical inter-satellite links in the space segment and
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LEO-to-ground capability was been demonstrated using laser terminals from the original
equipment manufacturer, Tesat [65]. An operational TeraNet could participate in future
activities linking sites around the globe. FSO signals are also a promising candidate for
next-generation time and frequency transfer techniques with stability performance
surpassing current RF time and frequency transfer techniques.

Transfer of time and frequency information between satellites and ground stations
provides the basis of global navigation satellite systems. As a result of their higher
frequency, optical signals have higher frequency stability than their RF counterparts, and
FSO transmission technologies are being developed for next-generation timing
networks [163, 164]. FSO frequency transfer may also be used to undertake tests of
fundamental physics, by measuring the passage of time at different altitudes above Earth
to high precision [97]. The CCR-based techniques described in this thesis are used to
develop systems for frequency transfer [109, 110, 165]. This includes links to moving
targets with means to measure and suppress Doppler shifts in the optical signal [166]. The
quantum nature of light also leads to further applications of FSO transmission techniques
to improved communications security.

FSO signals are an enabler for quantum communications. Quantum communications
makes use of the quantum nature of light to transmit messages known only to the sender
and receiver, thus providing a means to securely distribute security keys [167]. Such
quantum key distribution is a burgeoning field and a terrestrial laser range can be used to
trial the performance of distribution systems transmitting through atmospheric
turbulence. Satellites employing quantum communications systems could also be used to
relay quantum states between different locations on Earth for global quantum
communications [168]. If equipped with an appropriate detector and optical source,
TeraNet could support space-borne quantum payloads. Such activities would leverage
experiences with systems used in classical communications, such as the single-photon

detectors used in deep-space PPM.

7.5 Concluding Remarks

OGS networks will support FSO communications with space to overcome emerging
limitations of RF communications. This thesis documents FSO communications
demonstrations using retroflected links to develop OGS hardware. The research outcomes
encourage the further use of retroreflected links for OGS development and have led to

ongoing work, including attracting investment for the TeraNet OGS network.
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APPENDIX A

Supplementary Material: Chapter 2

This supplementary chapter provides background information for Chapter 2. Section A.1
gives two examples for binary usage, showing how binary words can be used to store
numerical and text values. Section A.2 then introduces a device used to modulate the
amplitude of optical frequency signals with electrical signals. For completeness,
photodetectors, used for optical-to-electrical conversion are also briefly discussed in the
section. Finally, Section A.3 shows how amplitude modulators are integrated into coherent
modulators to create QPSK and m-QAM encoded signals. Coherent demodulators are also
introduced, but interested readers are referred to the Kikuchi 2016 tutorial paper for

further mathematical details [26].

A.1 Binary Representation of Information

Digital information is stored as binary words, made up of bits [77]. Bits are discrete,
meaning they can only take one of two defined values. These values are usually
represented numerically as a ‘1’ or a ‘0’, although other abstractions are possible, such as
the conditionals ‘true’ and ‘false’. Binary words can represent various types of data, for
example, a digital sampling system can record a continuous electrical voltages signal and
store it as discrete binary words. Figure A.1 depicts a example plot of this sampling
process. In the figure, the voltages, %Vpk and -V, represent the maximum and minimum
input voltage range of the sampler. The dark blue link represents the voltage signal being
sampled, using three bits are used to quantise the signal. Three bits allows for 2% = 8
quantisation levels, each represented by a binary word to the left of the amplitude axis.
Samples are taken at a regular interval. At the sample time, the binary word

corresponding to the quantisation level nearest the voltage signal is sampled as a binary
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output, below the time axis. The sampled signal, shown in light blue, can be reproduced

elsewhere at a different time.

Binary word Amplitude - Analog
011 signal
010 Value at
001 sample time
000 Sampled
11 signal
110 Sampled
101 value
100

» Time

Binary output 101 101 111 001 011 010 000

Figure A.1: A continuous analog signal, dark blue, is sampled using three bits, and
quantised as an output sequence of binary words. The quantised signal, light blue, can
be reproduced by a computer at any time.

Binary words are also used to encode printed characters, allowing human-readable text
to be stored and used by a computer. Table A.1 shows a sample of mappings used in the
American standard code for information interchange (ASCII) encoding scheme. In ASCII,
seven bits are used, giving 27 or 128 possible values. Of these, 95 are print characters, and
the remaining binary words refer to typesetting instructions, such as newlines and spaces.
In practice, two computers communicating with each other will each have an internal
ASCII encoding reference, so they can encode a text message into a binary message at the

transmitter, and decode the binary message back into text at the receiver.

Table A.1: A selection of encodings from binary words to print characters in the ASCII
encoding scheme.

Binary word Print character | Binary word Print character

011 0000 0 011 0011 3
011 0001 1 011 0100 4
011 0010 2 011 0101 5
110 0001 a 010 0001 !
110 0010 b 010 0010 7
110 0011 c 010 0011 #
110 0100 d 010 0100 $
110 0101 e 010 0101 %
110 0110 f 010 0110 &
110 0111 g 010 011 ’
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A.2 Amplitude Modulation

Amplitude modulation involves manipulating the amplitude of an optical carrier signal
according to an electrical baseband message signal. Mathematically, the amplitude

modulated signal, s4/(£) is
sam(t)=Ap ()AL cos(2nfL), (A.1)

where Ay is the optical signal amplitude, and f7, is the optical signal frequency, and A, (¢)
is a function of the baseband message signal, m(¢). In some devices, a laser diode is used
as the optical signal source, and the signal is amplitude modulated by directly modulating
the power supply current to the diode [169]. In high-end use-cases, however, an external
modulator will be used with a higher quality laser source. In optical communications, an
external amplitude modulators called a Mach-Zehnder modulator (MZM) is used. A MZM
based on a Mach-Zehnder interferometer, with the phase in each arm controlled by an
electro-optic modulator (EOM). Figure A.2a shows an illustration of such an EOM. In the
device, an optical signal is guided through a crystalline waveguide with electrodes bonded
to it. Under an applied voltage signal, the waveguide’s refractive index changes, altering

the phase of the optical signal so the phase-modulated signal, spys(¢) becomes

spym(t) = Ay cos(2mfr)exp (jnz/ft)n), (A.2)

where j is the imaginary number and V} is the voltage required to induce a 7 radian phase
shift. Figure A.2b illustrates the principle of a MZM, whereby the optical signal is split into
two arms, each with an EOM, and then combined. If the two EOMs are driven by equal
and opposite voltages m(t) and —m(t), then the optical signal is amplitude modulated, with
A,,(t) becoming

(A.3)

Ap,(t) =cos (n;(t)n) .

T

The message signal, m(¢), has an offset voltage and peak-to-peak amplitude such that the
cosine term of Equation A.3 is 1 for a binary 1, and O for a binary 0. A photodetector is
required to demodulate the message signal from the carrier. Photodetectors generate an
electrical current proportional to the square of the carrier signal’s amplitude Thus, the

photocurrent due to the signal, i, will be proportional to the signal’s amplitude:
is(t) o< (Am(DALY. (A.4)

A transimpedance amplifier is then used to simply amplify and convert the current into a

useful voltage readout for the receiver electronics.
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Electrode
— —
Optical carrier Electrode Phase-shifted
optical carrier

Baseband message
signal, m(t)

e
Optical carrier

e
Modulated optical carrier

/EOM\
(WA ;

T Baseband message
signal, m(t)
(b)

Figure A.2: (a) an illustration of an electro-optical modulator (EOM), used to change the
phase of an optical carrier; (b) a Mach-Zehnder modulator, using two EOMs to change the
amplitude of an optical carrier through interference.

A.3 Coherent Modulation

Coherent modulation multiplies the data rate of an optical signal through additional control
of phase in the modulator and sensitivity to phase and polarisation in the demodulator. In

one polarisation, the coherent optical communications signal, s¢ps(£) is
sem(t) = Iy (t)cos2rfLt) + Qm(¢)sin(2rfLt), (A.5)

where I,,(t) and @,,(f) are the in-phase and quadrature amplitudes, respectively.
Figure A.3a is an illustration of a dual-parallel Mach-Zehnder modulator (DPMZM),
showing how the separate cosine and sine terms of Equation A.5 arise. The optical carrier
signal is initially split, and one half undergoes a 7/2 radian phase shift, leading to the sine,
or quadrature, term. The cosine term in the top branch is referred to as the in-phase term.
In each branch of the DPMZM, a MZM is used to impart a phase shift, per the transfer
function in Equation A.3. Figure A.3b shows the constellation diagram resulting QAM
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encoding with the DPMZM, where the in-phase amplitude is the normalised amplitude of
the cosine term in Equation A.5, and the quadrature amplitude is the normalised
amplitude of the sine term. Polarisation diversity is achieved by combining two DPMZMs
in parallel, with a polarising beam splitter and combiner before and after the two

branches.

Coherent demodulation uses an arrangement of beamsplitters and a local optical
signal, the LO, to measure the phase and amplitude of an incoming communications

signal. Figure A.3c shows the structure of a coherent receiver.

3 10 00
2 11 » »
In-phase message 4,
g
<
8 0 = s E s s s R E R R RN MR R R R R R R RN
e — 45
Optical Modulated =
) . 3 11 0
carrier optical g 14 @ s
Quadrature message Carrier o

In-phase amplitude

(a) (b)
Balanced photodetector

X —

In-phase current

—
—_— Local optical signal

Modulated

optical
carrier T ,
—

Local optical signal Quadrature current

(0

Figure A.3: (a) An illustration of a dual-parallel Mach-Zehnder modulator (MZM), used
in coherent modulation; (b) a constellation diagram for quadrature phase-shift keying, a
coherent modulation technique; (c) an illustration of a coherent receiver, for recovering the
in-phase and quadrature components of the coherently-modulated optical carrier.
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When two signals are incident on a photodetector, the output current, iga, is proportional

to the square of the summed amplitudes. It comprises multiple components:
iQAM =ig+ iLO + Imix (A.6)

where i, is the signal’s photocurrent, i; is the LO photocurrent, and i,,;, is a photocurrent
arising from the mixing between the two signals. The mixing effect is spatially-dependent;
therefore, the communication signal and LO must have the same polarisation and be in
the same spatial mode to mix efficiently. This condition also necessitates the use of SMF
to ensure good mixing between the signal and LO. The mixing current is a function of the

phase of the two signals [170],
Imix =2V isino cos (21 f1r + Ps), (A.7)

where frr is the difference in frequency between the two signals, and ¢ is the
communication signal’s phase. In the coherent receiver, the communications signal is
mixed with the LO signal in the top branch to measure the communication signal’s
in-phase component. In the bottom branch, a copy of the LO signal is shifted by n/2
radians to measure the quadrature component of the communication signal. The
arrangement of beam splitters and balanced photodetectors isolates i,,;, from the other
currents of Equation A.6, for each of the in-phase and quadrature components of s¢ps(¢). In
a dual-polarisation scheme, two of these coherent receivers are used, in conjunction with a
polarising beam splitter. Downstream, digital signal processing is used to further isolate

each message current, synchronise f77, and then demodulate the message signals [26].

A.4 Representative Link Budgets

Each demonstration described in this thesis was intended to map to certain space
communication missions. However, a limitation of these terrestrial demonstrations is the
shorter practicable link distances possible with this method. Although the integrated
turbulence exhibited on kilometre-scale slanted terrestrial links can exceed that of
ground—space links, geometric losses are significantly greater at ground—space scales.
Larger receiver apertures will also be used in real OGS deployments. Considering these
differences, the relevance of the terrestrial demonstrations to space—ground
communications is assessed, with reference to prior FSO communications missions, with a
focus on the link margin above receiver threshold power. At the receiver, the threshold
optical power is limited by the modulation format and data rate. So, the remainder of this
appendix section is organised into two sub-sections corresponding to the two modulation
formats considered in the thesis, coherent QPSK and PPM.
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A.4.1 Coherent Communications Downlink

Table A.2 provides the link budget resulting from the TBIRD demonstration of two
parallel 100 Gb/s transmitters based on the same coherent technology demonstrated in
Chapters 4 and 5. In the demonstration, the receive power thresholds are quoted to be
42 dBm and 38 dBm for data rates of 100 Gb/s and 200 Gb/s, respectively [171,172]. The
range loss’ given in published literature appears to incorporate both geometric loss and
receiver gain [172]. The peak power in fibre was shown, in a figure, to exceed —30dBm
when the downlink irradiance was —22.9 dBm/m?. Applying Equation 2.6 to a link at
35000 km from GEO, at least an additional 30 dB of loss can be expected.

In light of these results, the link margins achieved in both Chapters 4 and 5 appear
excessive. However, these systems were deployed without the higher-order AO necessary
to stabilise dynamic fluctuations while coupling into SMF. A goal of the thesis project was
to provide a low-risk platform for incrementally developing FSO communications
capability. Further demonstrations, incorporating higher-order AO systems, may be
conducted with transmission powers approximately 20 dB lower than documented. This
would more accurately emulate the LEO link margin of Table A.2. The link budget results
are also encouraging for the development of TeraNet 1 and TeraNet 2, as the 0.7 m
apertures of these telescopes, anticipating similar implementation details to the TBIRD
OGS, would lead to fibre-coupled power within the reported link margin. In the case of
GEO feeder links, close attention must be paid to developments in high-power coherent
optical amplifiers. The VERTIGO demonstration reported transmission power on the order
of 100 W [41]. This is a substantial achievement and brings 100 Gb/s-class coherent GEO
feeder links to within 10 dB of theoretical realisation.

Table A.2: Communication link budget for TBIRD to Optical Communications Telescope
Laboratory.

Parameter Value
Transmit power 29.5 dBm
Transmit optics loss -0.3 dB
Transmit antenna gain 79.0 dB
Transmit pointing loss -0.2 dB
Range loss (930 km, 1 m aperture) -130.4 dB/m?
Atmospheric loss -0.5 dB
Peak receive irradiance -22.9 dBm/m?
Peak fibre power -30 dB
Link margin (100 Gb/s) 12 dB
Link margin (200 Gb/s) 8 dB
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A.4.2 Pulse-Position Modulation Downlink

FSO PPM reception from a lunar orbiter was demonstrated during the LLCD mission. The
link budget for the ESA-managed OGS during LLCD is given in Table A.3 [68], while the
budget for a NASA JPL-managed OGS is given in Table A.4 [173]. The threshold power in
Table A.4 was not tabulated in the published results and is instead determined graphically
from a published figure. The link margin in each of these examples are close to, or exceed,
the order of the link margin maintained during the demonstration described in Chapter 6.
In Chapter 6, the margin was kept slightly lower in order to probe the marginal BER
versus SNR characteristic curve of Figure 6.3. With a 0.7 m aperture, the telescope gain of
Teranet 1 and TeraNet 2 are likely to be sufficient for lunar communication, if equipped

with an appropriate photon-counting receiver.

Table A.3: Communication link budget for the Lunar Laser Space Terminal to ESA Lunar
Laser Optical Ground Station.

Parameter Value

Downlink irradiance (at border of atmosphere) -57.7 dBm/m?
Atmospheric loss -1.50 dB
Telescope transmission loss -3.20 dB
Seeing loss; beam splitting loss; fibre insertion loss -1.40 dB
Receive loss per unit area (0.72 m?) -1.40 dB/m?
Receive power -65.2 dBm
Blue sky brightness -78.7 dBm
Error-free link margin 13.5 dB

Table A.4: Communication link budget for the Lunar Laser Space Terminal to NASA JPL
Optical Communications Telescope Laboratory.

Parameter Value

LLST EIRP transmitting 0.5 W 129.1 dBm
LLST pointing loss -0.6 dB
Space loss -310.7 dB
Atmospheric loss -0.5 dB
Ground net gain 1144 dB
Net received power —-68.3 dBm
Error-free threshold (approximate) —-75 dBm
Link margin 6.7 dB
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B.1 Space Communication

Reasoning and relevant calculations from Andrews 2005 [56] are presented here for

reference.

B.1.1 Uplink Versus Downlink Relevance

Assuming uniform refractive structure index constant, C%, along the horizontal link path,

Fried’s parameter for a spherical wave from a point source is
2127\ 8
ro=(0.16k“C;L) 5, (B.1)

where % is the wavenumber for the wavelength, 1550 nm, and L is the path length, 5.15 km,
considering the one-way trip. This returns ry of 38 mm for a C% of 1.7 x 10714, As this is
slightly larger than the 34 mm 1/e2 beam waist designed for the optical terminal, beam
wander will not apply a sufficient angular disturbance to move the beam away from the
corner cube retroreflector (CCR) at the end of the laser range, before the wavefront is large
enough to undergo higher order disturbances. Furthermore, modelling a Gaussian beam
with 34 mm 1/e2 beam diameter and a 75 mm CCR at 5.15 km shows very little reduction
in reflected power for angular deviations up to 5 urad, as shown in Figure B.1. Therefore,

fade due to beam wander is unlikely, and the laser range is more relevant to a downlink.
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Relative reflected power (dB)
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Figure B.1: Reflected power from a corner-cube retroreflector for range of deviation angles,
relative to the reflected power from a perfectly-aligned, albeit clipped, Gaussian beam.

B.1.2 Scintillation Index

Scintillation index, a? for a downlink channel are considered ‘high-turbulence’ for elevation

angles below 30°. The scintillation index for a space-to-ground path is

) 0.490% 0.510% B2)
07 =exp + -1, .
(1+1.116125)"° * (1+0.695125)"°
where 0'%, is the Rytov variance
H
0% =2.25k%sec'V8(() f C2(h)(h - ho)*Cdh, (B.3)
ho

with Ay as the offset from ground, H as the maximum integration altitude, and { is the
azimuth angle, the complement to the elevation angle. The refractive index structure

constant as a function of height, A, C%(h) is

C2(h) = 0.00594(w/27)%(10"° 1) 0 exp(—h/1000)
+2.7 x 10 ¥ exp(—h/1500) + A exp(—h/100), (B.4)

where w =21 m/s and A = 1.7 x 10714 m?3 for the Hufnagel-Valley 5-7 profile. Scintillation
index is plotted against elevation angle in Figure B.2. Figure B.2 shows scintillation index
is 0.1 for 50° elevation and 0.4 for 20° elevation. These expressions, including the Rytov
Variance, map to expressions for horizontal atmospheric laser links. The space link
expressions differ from the horizontal expressions with the {-dependence, as satellite links
at different elevation angles pass through different atmospheric paths. The difference in

C,% profile for three elevation angles are shown in Figure B.3 to illustrate this.
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Scintillation index
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Figure B.2: Scintillation index for a space downlink to a point receiver on the ground,
various elevation angles.
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Figure B.3: C2 profile along the line-of-sight to a satellite at three different elevation angles,
using the Hufnagel-Valley 5/7 profile.

B.2 Results by Wavelength

Results for the coherent communications demonstration, including centre wavelength,
measurement time, scintillation (SI), free-space to single-mode fibre (SMF) coupling, and
percentage of transmissions with a bit error rate below the 4.5 x 1073 FEC-correctable

threshold specified in ITU-G.709.2, Table A.1 [80].

Table B.1: 111.8 Gb/s Communications demonstration 2022-12-13.

Wavelength Time SI SMF coupling (dB) % FEC-correctable
191.10 THz 17:55 0.231 —-8.55 84
191.15 THz 17:59 0.198 -8.68 80
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130

Wavelength Time SI SMF coupling (dB) % FEC-correctable
191.20 THz 18:02 0.180 —-8.70 85
191.25 THz 18:06 0.172 —-8.78 87
191.30 THz 18:12 0.126 -8.71 90
191.35 THz 18:09 0.138 —8.87 91
19140 THz 18:14 0.151 -9.03 85
191.45 THz 18:18 0.136 -9.12 85
191.50 THz 18:20 0.175 -9.54 69
191.55 THz 18:23 0.142 -9.26 84
191.60 THz 18:29 0.128 -9.11 86
191.65 THz 18:31 0.116 -9.29 80
191.70 THz 18:34 0.148 -9.30 79
191.75 THz 18:36 0.124 -9.14 90
191.80 THz 18:38 0.115 -9.11 80
191.85 THz 18:41 0.142 -9.50 70
191.90 THz 18:43 0.149 -9.54 74
191.95 THz 18:46 0.135 -9.55 76
192.00 THz 18:50 0.114 -8.90 96
192.05 THz 18:52 0.110 —-8.69 97
192.10 THz 18:56 0.157 -9.28 87
192.15 THz 18:58 0.195 -9.13 78
192.20 THz 19:00 0.180 -9.27 86
192.25 THz 19:04 0.237 -9.26 74
192.30 THz 19:06 0.216 -9.36 74
192.35 THz 19:10 0.261 -9.32 70
192.40 THz 19:12 0.220 -9.56 65
192.45 THz 19:14 0.227 -9.42 68
192.50 THz 19:16 0.282 -9.24 61
192.55 THz 19:38 0.307 -9.79 42
192.60 THz 19:42 0.320 -9.53 52
192.65 THz 19:45 0.253 -10.2 39
192.70 THz 19:47 0.273 -9.88 39
192.75 THz 19:50 0.346 -10.4 29
192.80 THz 19:55 0.314 -11.3 9.1
192.85 THz 19:58 0.308 -11.4 6.6




B.2. RESULTS BY WAVELENGTH

Wavelength Time SI SMF coupling (dB) % FEC-correctable

192.90 THz 20:02 0.308 -10.5 19
192.95 THz 20:04 0.302 -10.1 25
193.00 THz 20:07 0.272 -10.3 23
193.05 THz 20:09 0.292 -10.1 20
193.10 THz 20:15 0.272 -10.5 53
193.15 THz 20:17 0.271 -10.4 34
193.20 THz 20:19 0.306 -10.6 50
193.25 THz 20:22 0.323 -10.4 56
193.30 THz 20:26 0.260 -11.3 33
193.35 THz 20:28 0.282 -11.4 28
193.40 THz 20:31 0.345 -11.3 27
193.45 THz 20:33 0.323 -11.8 18
193.50 THz 20:35 0.303 -11.8 19
193.556 THz 20:37 0.248 -11.9 20
193.60 THz 20:41 0.236 -10.8 46
193.65 THz 20:43 0.289 -11.3 28
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Free-space optical transmission through the Earth’s atmo-
sphere is applicable to high-speed data transmission and
optical clock comparisons, among other uses. Fluctuations in
the refractive index of the atmosphere limit the performance
of atmospheric optical transmission by inducing phase noise,
angle-of-arrival variation, and scintillation. The statistics of
these deleterious effects are predicted by models for the spa-
tial spectrum of the atmospheric refractive index structure.
We present measurements of phase fluctuations, angle-of-
arrival variations, and scintillation, taken concurrently and
compared with models for the atmospheric refractive index
structure. The measurements are also cross-compared by
deriving independent estimates of the turbulence structure
constant C2. We find agreement within an order of mag-
nitude for derived C? values for all three metrics. © 2023
Optica Publishing Group

https://doi.org/10.1364/0OL.501346

Understanding how atmospheric turbulence affects the propaga-
tion of optical beams is important when attempting to transmit
optical signals over long distances, with motivating applica-
tions including high-speed data transmission [1] and frequency
comparisons between optical clocks [2,3]. Horizontal or slanted
optical links are used to connect terrestrial sites on the ground
or in the air and can be point to point [4,5], folded with a mirror
relay [6], or folded with a retroreflector [7-9]. Folded links are
advantageous for only requiring access, power, and substantial
shelter at one site as transmission and reception hardware can be
co-located, with retroreflected links having less stringent point-
ing requirements. For all these optical links, refractive index
fluctuations caused by atmospheric turbulence perturb the prop-
agation of optical beams. Several models have been developed
to describe the spatial spectrum of these refractive index fluctua-
tions based on turbulence theory. In this Letter, we will focus on
the Kolmogorov and Greenwood—Tarazano models [2,10,11].
These spatial spectrum models describe the physical structure
of the refractive index fluctuations and are thus independent of
any specific transmission signal. To determine the effect of the
atmosphere on measurable quantities for a specific optical link
architecture, the modeled refractive index fluctuations must be

0146-9592/23/215519-04 Journal © 2023 Optica Publishing Group

integrated over the optical propagation path. To derive tempo-
ral statistics, Taylor’s hypothesis of frozen turbulence [2,10]
must be used to couple one spatial direction to the time axis by
shifting the turbulence model transversely to the beam at a spe-
cific wind speed. Analytically derived statistics for phase noise,
angle of arrival (AoA), and scintillation will drive engineer-
ing decisions for atmospheric optical transmission applications;
however, these require understanding of the expected atmo-
spheric turbulence strength. Thus, in situ characterization of
the atmospheric turbulence conditions for a given optical link is
important.

The strength of atmospheric turbulence is typically defined
by the turbulence structure constant, Cf,, which is obtained by
comparing the predictions of atmospheric turbulence models
with the statistics of experimentally measured quantities. Many
commercial systems, known as scintillometers, rely on scintil-
lation statistics to measure Cﬁ; however, they have a tendency
to saturate in high-turbulence regimes [12]. Improved systems
relying on AoA measurements to determine turbulence strength
have been demonstrated within the free-space optical commu-
nication community [12,13]. An alternative method based on
the measurement of optical phase fluctuations has been demon-
strated within the frequency metrology community [11]. The C?
measurements based on phase-fluctuation data agreed within an
order of magnitude with independent measurements taken by
micrometeorological sensors. This previous investigation, con-
ducted on a uniform range with distributed micrometeorological
sensors, encourages the use of phase-fluctuation measurements
on optical links where distributed sensors cannot be installed.
However, this technique has not yet been compared to turbu-
lence characterization techniques based on AoA and intensity
measurements. In this Letter, we examine the agreement between
the turbulence strength estimates derived from simultaneous
phase, AoA, and scintillation measurements over a retroreflected
link.

An apparatus for simultaneously measuring optical phase,
AoA, and intensity was deployed over a 1.2 km horizontal atmo-
spheric link to a $50 mm corner-cube retroreflector (CCR), as
shown in Fig. 1. Power levels are indicated at key locations.
This apparatus comprises a 1550 nm fiber laser source launched
into free-space via a 15x Galilean beam expander. The beam
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Fig. 1. Apparatus for measuring phase noise, angle-of-arrival
variation, and scintillation. AOM, acousto-optic modulator; CCR,
corner-cube retroreflector; PM, phase meter.

expander has a ¢43.5mm aperture, and the outgoing beam
has a 17 mm beam waist radius. In the free-space terminal, the
reflected beam is split and partially directed to a quadrant pho-
todetector (QPD) to measure AoA, via the voltages V¥ and
Vi, the difference in voltage between two opposite quadrants.
The sum of the quadrant voltages is also recorded as V)" to
derive the scintillation. The remaining beam power is coupled
back into a single-mode fiber and beats with a prompt copy of
the transmitted laser to measure the two-way phase shift, ¢ .
The prompt copy of the laser passes an acousto-optic modula-
tor to frequency-shift the signal, so the heterodyne interference
beat can be input to a radio-frequency phase meter. QPD volt-
ages were sampled at 1.25kHz and the phase was sampled at
2kHz. An anemometer was located on the rooftop, 4 m above
the apparatus, recording wind speed and gusts at 300 s intervals.

Three one-hour long measurements were taken under differ-
ent turbulence conditions and are consistently labeled “low,”
“moderate,” and “high” in the remainder of this Letter for ease
of reference. Phase, AoA, and intensity measurements in each of
the low, moderate, and high data sets are compared with models
derived from turbulence theory. Finally, rolling predictions of C2
are derived from the phase, AoA, and intensity measurements.
The experimental data underlying the results presented in this
Letter are made publicly available in a repository [14].

Phase fluctuations are a “zeroth-order” disturbance induced
by atmospheric turbulence. Refractive index fluctuations on
length scales physically larger than the propagating optical beam
will cause variations in the time of flight and thus degrade the
phase stability of the received optical beam. For a one-way
transmission of a plane wave propagating through Kolmogorov
turbulence [2,10,11], the single-sided power spectral density
(PSD) of phase noise is expected to be

S, ka(f) = 0.033K>C2LV PP, ™)

where C; is the turbulence structure constant for the index
of refraction, L is the path length, V is the perpendicular
wind speed, f is the Fourier frequency, k = 27/ is the optical
wavenumber, and A is the optical wavelength.

Similarly, the Greenwood—Tarazano turbulence model for a
plane wave results in an expected single-sided PSD of

. (@) . \/<2nf/v2+q%>}’“’" i

o =5211K°C*L Tl
550l =s200GL)Y [ |+ (2 -

(2

where L, is the outer scale of turbulence.
These phase noise models describe one-way propagation
through atmospheric turbulence. For a two-way atmospheric
link reflected by a CCR, the optical beam experiences a phase
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Fig. 2. Phase noise power spectral densities for three measure-
ment runs. Two analytical models are fitted to the low turbulence
measurement (blue). The solid black line is the Kolmogorov spec-
trum model. The dashed black link is the Greenwood-Tarazano
spectrum model.

delay during forward propagation, ¢_,(¢), and backward propa-
gation, ¢ (7). The phase delay caused by reflection of the CCR
remains constant and may be ignored. Phase contributions at
timescales below the round-trip time of the two-way link are
reciprocal, and thus the total phase delay is ¢ (¢) = 2¢7(¢).
Thus, the single-sided PSD of phase noise is

S5(f) = 487 (F), ©)]

for f<1/T, where T = L/c is the round-trip time of the link.
Three phase noise spectra observed are shown in Fig. 2,
along with fitted lines for Kolmogorov (solid black) and Green-
wood-Tarazano (dashed black) phase noise spectra for the low
results. The low (blue) and medium (red) phase noise spec-
tra in Fig. 2 show the characteristic downward inflection at
low frequencies of the Greenwood-Tarazano model, Eq. (2),
in the region labeled b. The high spectrum (orange) appears
to follow the strict £~ trend of the Kolmogorov model spec-
trum of Eq. (1) for most of the spectrum with a more subtle
downward inflection at low frequencies. Outer scale, Ly, is esti-
mated by fitting each spectra to Eq. (2) in the region b, and
the estimates are given in Table 1. The estimates correspond
to physically reasonable lengths, close to the approximately 30
m height above ground of the apparatus. The high spectrum
(orange) in Fig. 2 exhibits a f~'7/ roll-off above 200 Hz con-
sistent with aperture averaging [10], before dropping to a white

Table 1. Summary of Turbulence Regimes, with Datum
Ly and C2 Values Based on Observed Phase Noise
Spectra?®

Name Ly [m] C2 [m™27]
Low 519 1.25x 107
Medium 30.8 4.84x 1071
High 35.8 1.52x 107

“C? is fit to the spectrum from 90 to 800 mHz.
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noise floor. An average C? estimate was derived from each spec-
trum using a nonlinear least squares fit of Eq. (3) between 90
and 800 mHz, region a in Fig. 2, where all the spectra closely
follow the f~*/> Kolmogorov trend and do not contain any noise
spurs. These values are given in Table 1. This technique is used
to estimate rolling C? from phase measurements later in this
Letter.

“First-order” AoA variations lead to the optical beam wander-
ing off-target. For a one-way link, the single-sided PSD of AoA
fluctuations can be modeled in terms of the phase noise [2,10],

S = (AF VS (). (3)

Relating the AoA for a two-way link with a CCR to the one-
way AoA is more complicated than in the phase case. For a
perfectly flat wavefront, variations in AoA during the forward
propagation are canceled in backward propagation, whether or
not the beam underfills the CCR. However, for any other beam
wavefront geometry, such as spherical or Gaussian, truncation
at the CCR results in an additional AoA change not suppressed
in the backward propagation, thus resulting in measurable AoA
fluctuations over the two-way link [15]. Thus, the relationship
between the one-way and two-way AoA fluctuations is a., () =
ba_,(t), where b is a constant dependent on the specific geometry
of the free-space link. Thus,

S5 () = b8 (F), (5

where b ~ 0.74, from numerical modeling based on the method
in [15] of a 50 mm CCR at a distance of 1.2 km, with a beam
waist radius of 17 mm and wavelength A=1550 nm.

If temporal information is not required, the expected AoA
variance can be obtained from turbulence theory without the
need for Taylor’s hypothesis of frozen turbulence. For a one-way
link, the expected AoA variance is

Var[e_,] = 1.093LC?D;'?, (6)

provided that (L1)'/><<D,, where D, is the receiver diameter
[12,13]. The constant at the front of Eq. (6) is associated with
the spherical wave approximation. Thus, by taking into account
the relationship between the one- and two-way AoA,

Var[a.,] = b*Var[a_,] = 1.0930°LC2D;'". )

The AoA fluctuations of the retroreflected optical beam were
measured using a QPD, where the incident angle is determined
based on the voltage differences caused by the lateral deflections
of the imaged beam. This QPD was at a focal point of the
receiving optical system and operated in a regime where the
returned optical beam was diffraction limited. The diameter of
the imaged beam was significantly smaller than the full QPD
size. In this regime, an incident AoA deflection in the x-axis by
the diffraction-limited angular resolution of the optical system
will entirely shift the imaged spot between the QPD x axis
quadrants, causing the normalized voltage difference, V,,, to
span —1 to +1. Thus, assuming linearity in the QPD response,
the measured AoA deflections are given by

L 00—
9,,,,11 = EVA\‘; 9',,,,[, = EVA\’v (8)

where 6 = 1.221/D, is the diffraction-limited angular resolution
of the optical system, A is the optical wavelength, and V,, and V,
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Fig. 3. Angle-of-arrival power spectral densities for three
measurement runs. Fitted dashed lines are provided for each run,
showing f~%/* slopes predicted by the Kolmogorov model.

are the measured x and y QPD voltage differences normalized
from —1 to +1. The normalized voltage difference measurements
are Va, = V%[V, and Vi, = V** [V, Where V,,, is a design
parameter of the QPD. Equation (8) will change slightly if the
Fried parameter, r, = [1.46k*C>L] 7/, is smaller than the receive
aperture. In this case, the angular resolution of the optical sys-
tem is no longer diffraction limited, and instead 6 ~ A/r,. For
the high-turbulence measurement in Fig. 3, the atmospherically
limited angular resolution was used.

The AoA spectra for the three measurements are shown in
Fig. 3. The three-dashed lines represent the expected AoA spec-
tra given by Eq. (4) assuming the C? values provided in Table 1.
Substituting Eq. (1) into Eq. (4) predicts an f=*/* trend, and this
is exhibited in all spectra between 10 mHz and 2 Hz. Beyond
2Hz the low (blue) and medium (red) spectra roll-off at f~2,
deviating from the expected trend, with the medium spectrum
exhibiting an unexpected upwards inflection 10 Hz. This behav-
ior is unlikely to be due to atmospheric effects, and may be
caused by unexpected behavior in the QPD, such as sensitivities
to spot size and incident power. Similarly, the sharp £~ roll-
off exhibited by all spectra at high frequencies is likely due to
the instrumentation. The medium spectrum is also lower than
expected for the first two measurement decades, the cause of
which we are unsure.

“Higher-order” intensity fluctuations are caused when differ-
ent sections of the wavefront pass through eddies with varying
refractive indices before meeting at the receiver plane and inter-
fering, thereby causing variation in the received power. This
variance about the mean value is called scintillation [16] and is
commonly expressed as the variance of log-intensity, o7,

5

by gy
Oy = In(1 + _2)’ 9
I’
where u, is the mean and o, is the standard deviation of the
voltage at the photodetector [17]. For a horizontal link with

uniform C?, the log-intensity variance is given by

Tiny = 0A96CK LI, (10)
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Fig. 4. Rolling measurement of turbulent structure constant C2, based on 100's samples of phase, angle-of-arrival, and intensity measure-
ments. Three separate measurements are given in low, medium, and high turbulence. Error bars indicate the 90% confidence intervals for
each parameter. For phase this is +1.6450" calculated from the variance of the fit parameter. The angle-of-arrival and log-amplitude estimates

depend on subsample variance 52, the value of which is bounded by lsz

—N_
X*(0.95N)

2__N : .
S Zomm J, where N is the number of independent samples

[18], here defined as %, where N, is the total number of subsamples and n, is the time taken, in samples, for the autocorrelation to drop

below e2.

Retroreflected links have been analyzed in depth for laser
ranging systems [16]. For this link geometry, the scintillation
of the retroreflected link is equivalent to a link of the round-
trip distance. The sum voltage from each quadrant of the QPD,
Vimeas| was used to calculate a rolling log-intensity variance for
each dataset, based on Eq. (9), and substituted into Eq. (10), to
estimate C?, as shown in Fig. 4. Rolling estimates of C? based
on phase and AoA measurements are also shown in Fig. 4.
The phase estimate is derived by fitting Eq. (3) to region a
in Fig. 2. The AoA estimates are derived using Eq. (7). Each
rolling estimate is calculated from 100 s subsamples of the full
measurement.

The rolling C? estimates are encouraging, reinforcing the
case for future development of these turbulence characteriza-
tion techniques. Each measurement type agrees within an order
of magnitude, with a maximum factor of 2.9 deviation between
AoA and scintillation-derived C? in all conditions and up to a
factor of 6.6 between phase and AoA during low turbulence.
In high turbulence, each measurement agrees within a factor
of 2.5. Within the disagreement between the measurements, no
one measurement appears to be biased to over- or underesti-
mate the C? in any of the three cases. Generally, the estimate
based on phase noise has a lower tracking bandwidth, as it is
based on PSD calculations involving averages over large time
windows. The applicability of either technique will depend on
the required time resolution, although the latter two measure-
ments can be achieved with only one sensor device, the QPD.
Anomalies in the AoA PSDs at high frequencies, as seen in
Fig. 3, has motivated us to consider replacing the QPD with a
charge-coupled device.

Funding. SmartSat Cooperative Research Centre (CRC Research Project
1-18).

Acknowledgment. This work has been supported by the SmartSat CRC,
whose activities are funded by the Australian Government’s CRC Program.
S. Karpathakis is supported by a SmartSat CRC PhD Scholarship and a
research award from The Andy Thomas Space Foundation and EOS Space
Systems.

Disclosures. The authors declare no conflicts of interest.

Data availability. All data and software underlying the results presented
in this paper are publicly available [14].

REFERENCES

1. S. Karpathakis, B. Dix-Matthews, D. Gozzard, and S. Schediwy, Appl.
Opt. 62, G85 (2023).

. L. C. Sinclair, F. R. Giorgetta, W. C. Swann, E. Baumann, |. Codding-
ton, and N. R. Newbury, Phys. Rev. A 89, 023805 (2014).

. C. Robert, J.-M. Conan, and P. Wolf, Phys. Rev. A 93, 033860 (2016).

. B. Dix-Matthews, S. Schediwy, D. Gozzard, E. Savalle, F.-X. Esnault,
T. Lévéque, C. Gravestock, D. D'Mello, S. Karpathakis, M. Tobar, and
P. Wolf, Nat. Commun. 12, 515 (2021).

5. Q. Shen, J.-Y. Guan, and J.-G. Ren, Nature 610, 661 (2022).

. H. J. Kang, J. Yang, B. J. Chun, H. Jang, B. S. Kim, Y.-J. Kim, and
S.-W. Kim, Nat. Commun. 10, 4438 (2019).

7. B. Dix-Matthews, D. Gozzard, S. Walsh, A. McCann, S. Karpathakis,
A. Frost, C. Gravestock, and S. Schediwy, Opt. Express 31, 15075
(2023).

. B. Dix-Matthews, D. Gozzard, S. Karpathakis, S. Walsh, A. McCann,
A. Frost, and S. Schediwy, Phys. Rev. Appl. 19, 054018 (2023).

. E. D. Caldwell, J.-D. Deschenes, J. Ellis, W. C. Swann, B. K. Stuhl, H.
Bergeron, N. R. Newbury, and L. C. Sinclair, Nature 618, 721 (2023).

10. J.-M. Conan, G. Rousset, and P.-Y. Madec, J. Opt. Soc. Am. A 12,
1559 (1995).

11. E. D. Caldwell, W. C. Swann, J. L. Ellis, M. I. Bodine, C. Mak, N.
Kuczun, N. R. Newbury, L. C. Sinclair, A. Muschinski, and G. B.
Rieker, Opt. Express 28, 26661 (2020).

12. S. Manning, B. A. Clare, K. J. Grant, and K. A. Mudge, Opt. Eng. 54,
114104 (2015).

13. M. F. Stell, C. I. Moore, H. R. Burris, M. R. Suite, M. J. Vilcheck, M.
A. Davis, R. Mahon, E. Oh, W. S. Rabinovich, G. C. Gilbreath, W. J.
Scharpf, and A. E. Reed, in SPIE Proceedings (SPIE, 2004).

14. B. Dix-Matthews, S. Karpathakis, and S. Schediwy, “Retroreflected
optical phase, angle-of-arrival, and intensity dataset,” figshare
(2023), https://doi.org/10.6084/m9.figshare.23721870.

15. S. Walsh, A. Frost, L. Howard, D. Gozzard, S. Karpathakis, B. Dix-
Matthews, C. Gravestock, A. McCann, and S. Schediwy, Opt. Lett.
47,1920 (2022).

16. L. C. Andrews and R. L. Phillips, Laser Beam Propagation through
Random Media, 2nd ed. (SPIE Press, 2005).

17. C. R. Zeisse, B. D. Nener, and R. V. Dewees, Appl. Opt. 39, 873
(2000).

18. W. J. Riley, Handbook of Frequency Stability Analysis (US Gov.
Printing Office, 2008).

AW n

o

o]

©



C.2. HIGH-BANDWIDTH COHERENT OPTICAL COMMUNICATION OVER 10.3 KM
OF TURBULENT AIR

Research Article

M) ass |

Check for

Vol. 62, No. 23 /10 August 2023 / Applied Optics

applied optics

High-bandwidth coherent optical communication
over 10.3 km of turbulent air

SkEevos F. E. KARPATHAKIS,!'2*
AND SAscHA W. ScCHEDIwY'2

BENJAMIN P. Dix-MATTHEWS,'"2

Davip R. GozzARbD,'-2

"International Centre for Radio Astronomy Research, The University of Western Australia, Crawley, WA 6009, Australia
2International Space Centre, The University of Western Australia, Crawley, WA 6009, Australia

*skevos.karpathakis@uwa.edu.au

Received 24 March 2023; revised 1 May 2023; accepted 1 May 2023; posted 2 May 2023; published 22 May 2023

We demonstrate 111.8 Gb/s coherent optical communication throughput over a 10.3 km folded free-space laser
range. Folded links are low complexity to establish and provide a high uptime for testing equipment. The commu-
nication signals were sourced from an un-modified commercial off-the-shelf transceiver intended for long-haul
fiber networks. Wavelength dependence was explored by testing 52 optical C-band channels over the course of
an evening. In the future, such high-bandwidth communications will be used in feeder links from satellites in
geosynchronous orbit. Optical power measurements of the received signal are compared with atmospheric theory
to determine the turbulence strength exhibited and therefore the applicability of the laser range to space-to-ground
links. We show that the high-uptime, 10.3 km laser range is suitable for testing high-bandwidth space-to-ground
optical communication systems intended for links to geosynchronous orbit at 20°-50° elevation. © 2023 Optica

Publishing Group

https://doi.org/10.1364/A0.491440

1. INTRODUCTION

Space-to-ground communication using wireless radio and
microwave transmissions is facing a bandwidth bottleneck
due to increasing quantities of data acquired in space, and
beam crowding due to divergence at orbital distances [1]. Free-
space optical (FSO) communication promises to address these
emerging issues in traditional space communication by offering
improved bandwidth and lower divergence compared with wire-
less radio and microwave transmissions. Intensity modulation
was used in early FSO communication experiments, including
the first space-to-ground FSO communication demonstra-
tion in 1995 [2]. Intensity modulation has since been used
in inter-satellite links [3], and in a cis-lunar space-to-ground
link [4]. Coherent communication, using phase modulation,
offers higher spectral efficiency than intensity modulation,
and future FSO communications from geosynchronous orbit
(GEO) and low-Earth orbit (LEO) to ground will use coherent
optical communication transceivers to capitalize on commonly
deployed, interoperable, terrestrial fiber technology [5,6]. In
2022, NASA’s Tera-Byte Infra-Red Delivery (TBIRD) satellite
began transmitting data from LEO at 200 Gb/s using two com-
mercial off-the-shelf (COTS) 100 Gb/s coherent transceivers
and wavelength-division multiplexing (WDM) [7-9]. TBIRD
successfully transmits coherent optical signals from LEO to
ground, through Earth’s turbulent atmosphere, using an auto-

matic repeat request (ARQ) protocol. This ARQ protocol

1559-128X/23/230G85-05 Journal © 2023 Optica Publishing Group

was developed using tests on a 3 km folded horizontal laser
range [10].

Transceiver deployments over horizontal terrestrial laser
ranges are used to inform system design choices to mitigate the
effects of turbulence, because horizontal links can exhibitatmos-
pheric turbulence equivalent to, or exceeding, space-to-ground
links [11]. Dochhan, 2019 [12], demonstrated high-speed
coherent communications on a 10.45 km point-to-point link.
This demonstration utilized COTS transceivers as well as two
optical combs, 200 Gb/s modulators, and WDM to simulate
simultaneous transmission by many coherent transceivers. In
doing so, 13.16 Tb/s transmission was achieved, utilizing the
entire optical C-band, comprising center wavelengths from
approximately 1530 to 1564 nm. Other relevant demonstra-
tions over terrestrial laser ranges have been conducted using
bespoke communication systems. Balasiano ez al., 2022 [13],
tested a custom 128 Gb/s, single-wavelength transceiver over a
10 km folded laser range. Furthermore, Bitachon, 2022 [14],
demonstrated the highest-capacity, longest-range demonstra-
tion yet. This was a point-to-point transmission over 53 km,
achieving 1 Tb/s on a single wavelength by using technologies
developed specifically for FSO communications, including
adaptive optics and coherent beam combining. These publica-
tions describe the likely use-cases of high-bandwidth coherent
communications to be feeder links from GEO.

This paper presents 111.8 Gb/s coherent communica-
tion over a 10.3 km folded horizontal laser range, using a
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COTS coherent transceiver. Deploying the highly integrated
COTS coherent transceiver highlights what is imminently
possible with COTS components, versus the comparatively
low-integration bespoke communication systems presented in
Balasiano, 2022, [13] and Bitachon, 2022 [14]. Furthermore, at
this distance, the folded link exceeds the 3 km distance presented
in Schieler et al., 2019 [10]. Folded laser links are extensively
modeled in literature and exhibit comparable channel statistics
to point-to-point links when monostatic terminals are used
[15] and exhibit angle-of-arrival variability despite atmospheric
reciprocity [16]. Folded links are also low complexity to estab-
lish, compared to point-to-point links such as in Dochhan,
2019, and are thus easier to replicate. Folded links also allow the
internal loopback functions of COTS transceivers to be used for
bit error rate (BER) testing, without requiring a fiber loopback
between the sites. We analyze measurements of the received
power to characterize the link conditions and demonstrate
applicability of this low-complexity arrangement to a satellite
FSO communication scenario. Data were transmitted on 52
channels over a turbulent channel with scintillation indices
equivalent to a GEO-to-ground link between 20° and 50°
elevation angle.

2. METHODS
A. Coherent Transceiver

The communications signal under test was generated by a
COTS 111.8 Gb/s digital coherent optical (DCO) transceiver,
employing quadrature phase-shift-keying modulation, and
intended for use in a long-distance optical transport network.
Functionality is standardized in the management interface
specification [17]. The DCO contains a pseudo-random binary
sequence (PRBS) generator and checker in its transmit and
receive sections. The PRBS checker counts received bits and
bit errors when enabled, and reports these quantities when
disabled. The state of the PRBS checker may be toggled on the
fly, allowing a real-time sub-sampling measurement of BER over
the link. Figure 1 shows the logical mapping of these peripherals
to the optical terminal.

In this demonstration, each sub-sampled measurement is
considered to represent a transmission, and the duration of
each transmission is a free parameter requiring constraint.
Transmissions with duration of the order of 10 ms are useful
for characterizing link quality due to atmospheric turbulence
causing “bursty” data loss, on such time scales [10,12]. As the
PRBS checker provides bit-by-bit comparisons, it does not give
insight into the forward error correction (FEC) performance

DCO Optical terminal
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internal to the DCO. A pre-FEC BER threshold of 4.5 x 1073
was selected as the threshold for FEC-correctable transmission,
based on the standards for staircase FEC [18].

The DCO emission wavelength was varied to characterize
total throughput available with WDM and to search for any
unexpected wavelength-dependent limitations. The laser inside
the DCO is tunable between 1568.77 and 1527.60 nm, or
191.1and 196.25 THz, in 50 GHz steps. Changing wavelength
requires power-cycling the laser, approximately 60 s in dura-
tion. These processes, in conjunction with a 30 s measurement
duration, limit the number of channels able to be tested during
periods of low turbulence. An erbium-doped fiber amplifier
(EDFA) was used to boost the DCO output to 26.8 dBm.

B. Optical Terminal

A schematic of the optical terminal is shown in Fig. 1. The
terminal takes a fiber-fed laser input from the DCO and EDFA
and collimates it to free space via a free-space to fiber collimator,
FFC1. The beam splitter, BSI, splits the collimated beam.
Half of the transmitted beam is directed to the 50 mm Galilean
beam expander (GBE), expanding the beam to a 34 mm 1/e2
waist diameter. The 63.5 mm corner cube retroreflector (CCR)
reflects the beam back, and it passes BS1 before entering the
receiver beam splitter, BS2. On passing BS2, half of the beam
power is directed back into FFC2, to couple back into SMF
for reception. BS2 and a separate receive FFC are required
to provide separate transmit and receive fibers, as reflections
off the fiber end-face can degrade the optical signal-to-noise
ratio when the fibers are shared with a circulator. The other
half of the received power is directed into a free-space photo-
detector (FS PD) to measure free-space power, Prs. A 10%
portion of the SMF-coupled power is directed to a fiber-coupled
photodetector to measure received power, P,,.

3. CHANNEL MODEL

Measurements of the communication channel are used to
determine the relevance of this demonstration to FSO space-
to-ground communication. The free-space laser range spans
5.15 km between the optical terminal site and the CCR. The
optical terminal is located 29 m above sea level, and the CCR is
placed 3 m above sea level. This slant path primarily spans the
Swan River, Western Australia, and turbulence across the line of
sight is relatively high at this distance above the ground and the
river. Atmospheric turbulence causes random interference in the
laser beam’s spatial profile as well as additional beam divergence,
leading to time-varying scintillation of the received power and

5.15 km— Remote site
(10.3 km folded)

PRBS Generator

PRBS Checker
Result Registers

Fig.1. Optical transceiver and terminal schematic for demonstration. BS, beam splitter; CCR, corner cube retro-reflector; DAQ), data acquisition;
DCO, digital coherent optical module; EDFA, erbium-doped fiber amplifier; FFC, free-space to fiber collimator; FS PD, free-space photodetector;
GBE, Galilean beam expander; PD, photodetector; PRBS, pseudo-random binary sequence.
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reducing the coupling efficiency of the free-space beam back
into SME.

Parameters used to characterize turbulence include the scin-
tillation index, SI, atmospheric structure constant, C2, and the
Fried parameter [19]. The scintillation index is a measure of the
scintillation in received optical power and is defined as

2

o
SI= Tﬁm , (1)
Pry

where op and wp, are the standard deviation and mean of
received power P, respectively. On a folded link, the attenua-
tion due to turbulence is the product of two correlated random
variables representing the forward and backward paths, and is
treated similarly to a one-way point-to-point link [15]. The
C? can be derived from an angle-of-arrival spectrum measured
with an angle-of-arrival scintillometer [20], and this requires
a probe light source at the remote site in a folded link. The
Fried parameter is a length scale decreasing with increasing
turbulence along the link, and indicates the scale of the beam’s
spatial coherence. In an experiment, neither the C? or Fried
parameter is directly measurable and must be inferred indirectly
from additional atmospheric measurements and knowledge of
the experimental setup. The scintillation index was selected to
relate the horizontal folded link to space channels because the
parameter is a directly measurable value and is readily compared
with previously published experiments.

Poliak, 2018 [11], discusses the relevance of horizontal
ranges to uplink and downlink channels. They assert the 10 km
ground-to-ground range most closely resembles an uplink
because the atmospheric turbulence is close to the transmit
aperture. The modeling supporting the demonstration sug-
gested that scintillation indices of 0.2 and one corresponded
to ground-to-space uplinks to GEO at 30° and 10° elevations,
respectively. An elevation of 30° was stated to be the practical
worst case for a GEO link. The aperture diameter in the mod-
eling was not discussed. For the folded link concerned in this
paper, with CCR at 5.15 km from the transmitter, calculations
given in Supplement 1 show that the Fried parameter is close to
the beam 1/¢? waist diameter and receiver aperture diameter.
Figure S1 in Supplement 1 shows that angular deviations will
not lead to significant power variation. Instead, power scintil-
lation is dominated by sub-aperture distortions or “speckle”
as the beam front passes through multiple coherence regions.
Speckle is observed in the space-to-ground downlink direction,
and causes degraded free-space-to-SMF coupling. Therefore,
the folded link is primarily subject to the characteristic issue of
downlinks and is relevant to this transmission direction. Further
modeling in Supplement 1, with a Hufnagel-Valley 5/7 pro-
file [19], predicts scintillation indices between 0.1 and 0.4 for
downlinks from satellites at 50° and 20° elevations, respectively.
This modeling is based on plane wave propagation to a point
receiver at the ground, and ground station receiver apertures
of the order of 50-100 cm will be subject to lower scintillation
indices due to aperture averaging. The scintillation indices
measured during this demonstration are compared with the
0.1-0.4 scintillation index values for a point receiver, to show

general applicability to a GEO feeder downlink.
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Table 1. Link Budget for the 10.3 km Folded Laser
Range

Quantity Value

Transmit power 26.8 dBm
Splitting loss (FFC1 to FFC2) -9.00 dB
Geometricand clipping loss —22.5 dB
(optimum alignment)

Receiver cutoff power —33.0 dBm
Link margin 28.3 dB

A. Link Budget

A link budget is given in Table 1. The DCO cutoff is approxi-
mately —33.0 dBm of received optical power. Splitting losses are
idealized to be 3 dB. For a transmit power of 26.8 dBm, a link
margin of 28.3 dB accommodates excess losses due to misalign-
ment, clipping, SMF coupling loss, and turbulence-induced
fading. Additional loss will also be caused by scattering from
sea-spray because the beam propagates close to the surface of the
river.

4. RESULTS

Measurements were taken on 13 December 2022 between 17:55
and 20:43, while the scintillation index remained below 0.4.
A scatterplot of BER measurements below the FEC threshold
and SMF coupling against scintillation index is shown in Fig. 2.
For each wavelength under test, the scintillation index, mean
SMF coupling, and proportion of BER measurements below
the 4.5 x 1073 FEC threshold are shown in Fig. 3. The wave-
lengths shown were increased in chronological order, providing
a time-sampling of the atmospheric turbulence. Reported
wind direction and speed during the 3 h period is also given
in Fig. 3. Wind direction was parallel to the direction of beam
propagation for the first half of the demonstration, and trans-
verse to the beam for the second half, and wind speed ranged
from 11.1 to 27.8 km/h [21]. An additional 2 dB of transmit
power was added at 20:15, increasing the power into FFCI1 to
28.8 dBm, for wavelengths 193.10 THz and above, and causing
a momentary increase in the proportion of BER above the FEC
threshold. The minimum and maximum scintillation indices

100 0 -8.5
80 _
[aa]
N -95 T
y 2
0 60 =
E: £y
E\é S
i s -10.5 £
m 40 %
x c
©
[
=

20 "
-11.5
o .
0.1 0.2 0.3 0.4
Scintillation index
Fig. 2.  Measurements during low turbulence. Scatterplot of low

BER transmission % and fiber-coupling versus scintillation index.
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Fig. 3. Measurements during low turbulence. Per wavelength: scintillation index, single-mode fiber coupling, and proportions of lost, high bit
error rate (BER) and low BER transmissions. Wind speed and direction as reported at Perth Airport [21]; downward arrows point south, parallel to

the transmission.

were 0.110 and 0.346 for wavelengths 192.05 and 192.75 THz,
respectively. Mean SMF coupling efficiency ranged between
a maximum of —8.55 dB and minimum of —11.9 dB, corre-
sponding to percentages of transmissions above threshold of
849% and 20%, respectively. Table S1 in Supplement 1 provides
the full numerical results.

A. Transceiver Wavelength Dependence
Characterization

For each wavelength used in the demonstration, loopback
measurements of BER were taken in-fiber with fixed transmit
power and attenuation to simulate channel loss. Of the first 10
channels, spanning 191.10-191.55 THz, BER decreased lin-
early from 6.61 x 1074 to 1.88 x 10™%. For the remaining 52
channels, spanning 191.60-194.15 THz, BER was randomly
distributed within the range of 1.05 x 104 and 2.11 x 1074,
This suggests a minor wavelength dependence in the DCO or
EDFA only in the first 10 channels. Therefore, the variation in
performance seen between 191.10 and 193.65 THz was likely
caused by changing atmospheric turbulence.

5. DISCUSSION

The scintillation indices measured show the relevance of this
laser range to a real ground-to-space laser links. The scintillation
indices observed on 13 December 2022 spanned 0.1 to 0.4.
These indices are equivalent to the scintillation indices mod-
eled for a GEO downlink to a point receiver on the ground at
20°-50° elevation. A large proportion of transmissions for scin-
tillation index values below 0.2 were below the FEC threshold,
without any amplitude stabilization. From Fig. 2, the increasing
scintillation index correlates with the decreasing SMF coupling
efficiency, with a sharp drop-off around a scintillation index of
0.25. If a separate, smaller receiver aperture were used, beam
disturbances would be limited to angular and phase-piston
deviations. This aperture would be compatible with angu-
lar correction employing a fast-steering mirror to improve

SME coupling and therefore BER performance [22,23], at the
expense of greater geometric loss. For the best performance
under speckle, a higher-order adaptive optics system would need
to be employed to ensure robust reception, as in Dochhan, 2019
[12], or Bitachon, 2022 [14].

Additionally, at 20:00, a change in wind direction transverse
to the beam path occurred close to the peak scintillation index
observed at 19:50, and generally low number of transmissions
below the FEC threshold between 19:55 and 20:15. The period
of transverse wind may be more applicable to space communica-
tions than the period prior to 20:00 when the wind was parallel
to the beam path, as winds encountered by a beam propagating
from space-to-ground will necessarily travel transverse to the
beam path. Also, wind generates sea spray on the surface of the
river, resulting in additional power attenuation as the beam
propagates close to the river surface. This effect will lead to an
increase in high BER transmissions, in addition to atmospheric
turbulence. The scattering cannot be isolated from the power
measurements, but will clearly be correlated with wind velocity
and the strength of the turbulence.

As GEO and LEO transmissions both pass through the same
atmosphere, this link also has relevance to transmission from
LEO. On a given day, the scintillation index for a LEO link
will be higher than a GEO link because of the contribution of
satellite slew rate to the pseudowind [19]. Furthermore, the
Doppler shift imparted by the slew rate of a LEO satellite is not
replicated by the stationary horizontal link.

6. CONCLUSION

High-speed coherent communication over a 10.3 km folded
laser link was demonstrated without atmospheric turbulence
correction, in varying turbulence conditions. The scintilla-
tion index for the demonstration was derived and showed the
relevance of the horizontal ground-to-ground link to a typi-
cal and worst-case ground-to-space link. Performance under
these conditions is challenging without employing a correction
technology such as adaptive optics. However, transmission of
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data with BER below 4.5 x 1073 is shown to be possible with
unmodified fiber networking equipment, under the right con-
ditions. A possible correlation between BER and wind direction
was observed, and this may have implications for high-speed
ground-to-ground FSO communication installations as an
additional topic of interest.

The folded laser range utilizing a CCR is a relatively low-
complexity arrangement, compared to a point-to-point link.
This laser range intrinsically has a higher accessibility and
potential uptime for commissioning activities than a link to a
satellite. Having shown the relevance of this link, it can be used
for further research and development activities. This includes
commissioning other communication equipment prior to
deployment in full-sized optical ground stations. Furthermore,
the decline in BER with increasing the scintillation index
demonstrates the need for adaptive optics correction to over-
come high-order turbulence. As a priority, the optical terminal
shown can be modified to incorporate an adaptive optics system,
as the current arrangement clearly experiences speckle, and
performance would be improved with adaptive optics to correct
the wavefront. The adaptive optics system could then be tested,
with high uptime, on this link with statistics representative of
space-to-ground conditions.

Funding. SmartSat Cooperative Research Centre (CRC Research Pro-
ject 1-18).

Acknowledgment. This work has been supported by the SmartSat CRC,
whose activities are funded by the Australian Government’s CRC Program. S.
Karpathakis is supported by a SmartSat CRC PhD Scholarship and a research
award from The Andy Thomas Space Foundation and EOS Space Systems. D.
Gozzard is supported by a Forrest Research Foundation Fellowship.

The authors thank their CRC research partners at the Defence Science
and Technology Group, Goonhilly Earth Station Ltd., Thales, Australia,
Thales Alenia Space, and The University of South Australia. The authors thank
Nicolas Maron from SYRTE-Observatoire De Paris for his assistance with the
optical equipment, and Charles Gravestock from ICRAR for designing and
building the free-space detector used in this work.

Disclosures. The authors declare no conflicts of interest.

Data availability. Data underlying the results presented in this paper are
not publicly available at this time but may be obtained from the authors upon
reasonable request.

Supplemental document. Sece Supplement 1 for supporting content.

REFERENCES

1. E. Lutz, “Towards the terabit/s satellite-interference issues in the user
link,” Int. J. Satell. Commun. Netw. 34, 461-482 (2016).

. Y. Arimoto, M. Toyoshima, M. Toyoda, T. Takahashi, M. Shikatani,

and K. Araki, “Preliminary result on laser communication experi-

ment using Engineering Test Satellite-VI (ETS-VI),” Proc. SPIE 2381,

151-158 (1995).

T. Jono, Y. Takayama, K. Shiratama, I. Mase, B. Demelenne, Z.

Sodnik, A. Bird, M. Toyoshima, H. Kunimori, D. Giggenbach, N.

Perlot, M. Knapek, and K. Arai, “Overview of the inter-orbit and the

orbit-to-ground laser communication demonstration by OICETS,”

Proc. SPIE 6457, 9-18 (2007).

. D. M. Boroson and B. S. Robinson, “The lunar laser communication
demonstration: NASA's first step toward very high data rate support
of science and exploration missions,” Space Sci. Rev. 185, 115-128
(2014).

. K. Kikuchi, “Fundamentals of coherent optical fiber communica-
tions,” J. Lightwave Technol. 34, 157-179 (2016).

N

24

~

[

o

~

©

20.

21.

22.

28.

. “CFP  MSA management

Vol. 62, No. 23 / 10 August 2023 / Applied Optics G89

E. Pincemin, Y. Loussouarn, Y. Pan, G. Miller, A. Gibbemeyer, B.
Mikkelsen, A. Gaibazzi, W. Way, T. Yamazaki, A. Hayashi, and K.
Fujiyama, “Interoperable CFP-DCO and CFP2-DCO pluggable
optic interfaces for 100G WDM transmission,” in Optical Fiber
Communication Conference (OFC) (2019), pp. 1-3.

. C. M. Schieler, K. M. Riesing, B. C. Bilyeu, B. S. Robinson, J. P. Wang,

W. T. Roberts, and S. Piazzolla, “TBIRD 200-Gbps CubeSat down-
link: system architecture and mission plan,” in IEEE International
Conference on Space Optical Systems and Applications (ICSOS)
(2022), pp. 181-185.

. A. Tantillo, “Communications system achieves fastest laser link from

space vyet,” https://news.mit.edu/2022/communications-system-
achieves-fastest-laser-link-space-yet-1130 (Retrieved January 30,
2023).

. C. M. Schieler, K. M. Riesing, B. C. Bilyeu, J. S. Chang, A. S. Garg, N.

J. Gilbert, A. J. Horvath, R. S. Reeve, B. S. Robinson, J. P. Wang, S.
Piazzolla, W. T. Roberts, J. M. Kovalik, and B. Keer, “On-orbit demon-
stration of 200-Gbps laser communication downlink from the TBIRD
CubeSat,” Proc. SPIE 12413, 1241302 (2023).

. C. M. Schieler, A. S. Garg, B. C. Bilyeu, J. P. Wang, and B. S.

Robinson, “Demonstration of reliable high-rate optical communi-
cation over an atmospheric link using ARQ,” in IEEE International
Conference on Space Optical Systems and Applications (ICSOS)
(2019), pp. 1-6.

. J. Poliak, R. M. Calvo, and F. Rein, “Demonstration of 1.72 Tbit/s

optical data transmission under worst-case turbulence conditions for
ground-to-geostationary satellite communications,” IEEE Commun.
Lett. 22,1818-1821 (2018).

. A. Dochhan, J. Poliak, J. Surof, M. Richerzhagen, H. F. Kelemu,

and R. M. Calvo, “13.16 Thit/s free-space optical transmission
over 10.45 km for geostationary satellite feeder-links,” in 20th
ITG-Symposium on Photonic Networks (2019), pp. 1-3.

. O. Balasiano, E. Wohlgemuth, I. Attia, A. Roizman, T. Falk, R. Faig,

A. Shapira, Y. Yoffe, R. J. Cohen, R. Vered, and D. Sadot, “10 km
retro-reflected coherent atmospheric FSOC at 128 Gbps 16-QAM,”
in Advanced Photonics Conference: Signal Processing in Photonic
Communications (2022), paper SpTu3G-5.

. B. . Bitachon, Y. Horst, L. Kulmer, et al., “Tbit/s single channel 53 km

free-space optical transmission-assessing the feasibility of opti-
cal GEO-satellite feeder links,” in European Conference on Optical
Communication (ECOC) (2022), pp. 1-4.

. P. V. Trinh, A. Carrasco-Casado, T. Okura, H. Tsuji, D. R. Kolev, K.

Shiratama, Y. Munemasa, and M. Toyoshima, “Experimental chan-
nel statistics of drone-to-ground retro-reflected FSO links with
fine-tracking systems,” IEEE Access 9, 137148 (2021).

.'S. Walsh, A. Frost, L. Howard, D. Gozzard, S. Karpathakis, B.

Dix-Matthews, C. Gravestock, A. McCann, and S. Schediwy, “Angle-
of-arrival variability of retroreflected lasers despite atmospheric
reciprocity,” Opt. Lett. 47, 1920-1923 (2022).

interface  specification,” 2017,
https://www.cfp-msa.org/ [Retrieved October 26, 2021].

. “ITU-T recommendation G709.2: OTU-4 long-reach interface,” 2018,

https://www.itu.int/rec/T-REC-G.709.2/ [Retrieved July 29, 2022].

. L. C. Andrews and R. L. Phillips, Laser Beam Propagation through

Random Media, 2nd ed. (SPIE, 2005).

S. Manning, B. A. Clare, K. J. Grant, and K. A. Mudge, “Development
and implementation of a robust angle of arrival turbulence measure-
ment system,” Opt. Eng. 54, 114104 (2015).

“Perth December 13 2022 weather,” 2022, https://weather
spark.com/d/128792/13/13/Average-Weather-on-December-13-in-
Perth-Australia [Retrieved January 30, 2023].

S. M. Walsh, S. F. E. Karpathakis, A. S. McCann, B. P. Dix-
Matthews, A. M. Frost, D. R. Gozzard, C. T. Gravestock, and S. W.
Schediwy, “Demonstration of 100 Gbps coherent free-space optical
communications at LEO tracking rates,” Sci. Rep. 12, 18345 (2022).
S. F. E. Karpathakis, B. P. Dix-Matthews, S. M. Walsh, A. S. McCann,
D. R. Gozzard, A. M. Frost, C. T. Gravestock, and S. W. Schediwy,
“Ground-to-drone optical pulse position modulation demonstration
as a testbed for lunar communications,” Drones 7, 99 (2023).

143



APPENDIX C. SUPPLEMENTARY MATERIAL: PUBLISHED WORK

144

www.nature.com/scientificreports

scientific reports

‘ W) Check for updates

Demonstration of 100 Gbps
coherent free-space optical
communications at LEO tracking
rates

Shane M. Walsh™, Skevos F. E. Karpathakis, Ayden S. McCann, Benjamin P. Dix-Matthews,
Alex M. Frost, David R. Gozzard, Charles T. Gravestock & Sascha W. Schediwy

Free-space optical communications are poised to alleviate the data-flow bottleneck experienced

by spacecraft as traditional radio frequencies reach their practical limit. While enabling orders-of-
magnitude gains in data rates, optical signals impose much stricter pointing requirements and are
strongly affected by atmospheric turbulence. Coherent detection methods, which capitalize fully
on the available degrees of freedom to maximize data capacity, have the added complication of
needing to couple the received signal into single-mode fiber. In this paper we present results from

a coherent 1550 nm link across turbulent atmosphere between a deployable optical terminal and a
drone-mounted retroreflector. Through 10 Hz machine vision optical tracking with nested 200 Hz
tip/tilt adaptive optics stabilisation, we corrected for pointing errors and atmospheric turbulence to
maintain robust single mode fiber coupling, resulting in an uninterrupted 100 Gbps optical data link
while tracking at angular rates of up to 1.5 deg/s, equivalent to that of spacecraft in low earth orbit.
With the greater data capacity of coherent communications and compatibility with extant fiber-based
technologies being demonstrated across static links, ground-to-low earth orbit links of Terabits per
second can ultimately be achieved with capable ground stations.

Communication at optical frequencies revolutionised terrestrial communications with the advent of optical fiber
networks’, but the same is not yet true of free-space applications, which are still dominated by radio frequency
(RF) communications. While the orders-of-magnitude increase in carrier frequency from RF (kHz-GHz) to
optical frequencies (THz) enables a commensurate increase in data capacity, moving to the optical domain brings
with it new challenges. Primary among these are the strict acquisition and tracking requirements?, and the effect
of atmospheric turbulence that significantly influences optical beam propagation on millisecond timescales®. To
realise the potential of free-space optical communications for ground-to-ground, ground-to-air, and ground-
to-space links, the effects of atmospheric turbulence must be suppressed®.

The most straightforward implementations of free-space optical communications modulate data on the inten-
sity of light, such as simple on-off keying (OOK) or pulse position modulation (PPM). These direct-detection
methods only require a detector that can measure the intensity of the received light. Coherent detection methods,
in contrast, maintain phase and polarisation information by mixing the received signal with a local oscillator
(LO), giving extra degrees of freedom to encode data and capitalize fully on channel capacity® and compatibility
with ubiquitous fiber-based technologies®. These coherent methods require coupling the received light into single
mode fiber (SMF), which at a diameter of 8-10 jum, is more susceptible to pointing errors and turbulence com-
pared with the larger multi-mode fiber (> 50 um) or free-space detectors used with direct-detection schemes’.

Currently, earth observation satellites produce data at such high volumes that on-board compression is often
required before transmission to the ground using available RF bandwidth (e.g.*?), which is power intensive and
can reduce data fidelity. For the case of low earth orbit (LEO), the time a spacecratft is visible to any particular
ground station is only a few minutes per day, further constraining data transfer. A LEO spacecraft could trans-
mit data via a relay spacecraft, typically in geosynchronous earth orbit (GEO), but the increased transmission
distance (~ 35,000 km versus ~ 1000 km) further burdens the size, weight, and power (SWaP) of spacecraft
communications systems. Relieving this bottleneck is the goal of NASA’s Terabyte Infrared Delivery system
(TBIRD) to develop cubesat-suitable optical terminals capable of 200 Gbps coherent LEO-to-ground downlink'’.

International Centre for Radio Astronomy Research, The University of Western Australia, Perth 6009, Australia.
“email: shane.walsh@uwa.edu.au
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The current 5.6 Gbps record for an optical data link between LEO to ground was demonstrated using coherent
binary phase shift keying (BPSK) between two ESA TESAT laser communication terminals, one on board the
NFIRE spacecraft and one on the ground at Tenerife, Spain'!. These terminals were engineered for inter-satellite
links, where atmospheric turbulence is not an issue and as such do not employ any active turbulence mitigation;
only a reduction of the ground terminal aperture to reduce the effect of scintillation. The ~ 5m beam size would
ensure that the occurrence of deep fades due to beam wander at the ground terminal are negligible, but given
turbulence in a ground-to-space link is concentrated at the ground, beam wander is significantly greater for the
uplink than the downlink. This is reflected in the disparity in link quality, with the downlink remaining error free
while the uplink showed a bit-error rate (BER) of ~ 107>, despite the identical hardware at each end. To push
the data rates into the 100+ Gbps regime requires, at a minimum, tip/tilt adaptive optics (AO) stabilisation to
improve downlink fiber coupling efficiency and pre-compensate uplink beam wander. Such ground stations are
currently in development'>" and have demonstrated AO-corrected SMF coupling from GEO, but to our knowl-
edge tip/tilt AO stabilised coupling has not been demonstrated at the more challenging tracking rates of LEO.

Tip/tilt AO stabilised high-speed coherent optical links between the ground and airborne platforms have been
demonstrated previously. Chen et al.'® demonstrated a 100 Gbps bi-directional quadrature amplitude modulation
(QAM) link between a ground station and light aircraft over 10-20 km link distance. Li et al.'®'” demonstrated
an 80 Gbps link to a drone mounted retroreflector across a 100 m round trip distance with simulated turbulence,
using two orbital-angular-momentum (OAM) multiplexed 40 Gbps quadrature phase shift keying (QPSK) links.
These demonstrations reached angular tracking rates of ~ 0.2and ~ 0.1deg/s respectively, although maintaining
fiber coupling at LEO-like tracking rates were not aims of those experiments.

The ultra-high capacity of coherent free-space optical communications has been demonstrated across static
links by various groups. Parca et al.'® used 16 channel QPSK to establish a 1.6 Tbps link over 80 m between
buildings. Feng et al.’® used 3 channel QPSK to achieve 160 Gbps over a 1 km link. The highest capacity link to
date, by Docchan et al.?*, achieved 13.16 Tbps with 54 channel QPSK with tip/tilt stabilisation across a turbulent
10.45 km link. Most recently, Guiomar et al. achieved the highest spectral efficiency to reach 800 Gbps in a single
channel using probabilistic constellation shaping 64-ary QAM over 42 m.

To enable these high-capacity technologies for ground-to-space links requires a tracking system that can
maintain SMF coupling in the presence of large angular velocities and atmospheric turbulence. In this paper,
we present results of a coherent free-space optical link operating at 1550 nm between a deployable optical
terminal and an airborne drone. Combining a tip/tilt AO system with concurrent closed loop machine vision
(MV) tracking, we maintain the SMF coupled link at angular velocities up to ~ 1.5 deg/s, representative of the
apparent motion of spacecraft in LEO.

Our work uses the retroreflected signal serving as its own tip/tilt beacon®"??, which due to atmospheric
reciprocity® allows our terminal to simultaneously demonstrate correction of the “downlink” beam to maintain
fiber coupling as well as pre-compensation of the “uplink” to maintain pointing on target. An overview of the
experiment is depicted in Fig. 1. Our deployable optical terminal serves as a development test-bed for the Western
Australian Optical Ground Station (WAOGS-1)*, and also as a standalone unit, which with further optimisation
could facilitate Tbps ground-to-ground, ground-to-air, and ground-to-LEO coherent optical links.

21,22

Methods

For this experiment our deployable optical terminal was located on the roof of the physics building at the
University of Western Australia Crawley campus, approximately 34 m above sea level. An optical breadboard
housing the optics, MV system, GPS receiver, and single board computer was fastened to the mount, shown in
Fig. 2. Electrical cables and optical fiber carried signals to the tip/tilt AO control electronics on the mount base
and communications equipment housed in a separate enclosure. To simulate a satellite pass, we used a drone
carrying an optical payload that includes a corner-cube retroreflector (CCR), flying at an altitude of 120 m over
the Swan River and a line-of-sight distance of 500700 m for a folded link length of up to 1.4 km. Figure 3 details
the interactions between components during the acquisition and tracking phases. CCRs installed at two fixed
locations provided static links of 600 m and 2.4 km folded lengths, used for calibration and troubleshooting. A
summary of the mount design parameters is presented in Table 1 and each subsystem is described in further
detail in the following subsections.

Mount. Our deployable optical transceiver terminal was built around a PlaneWave Instruments L-350 preci-
sion altitude-azimuth astronomical mount. This mount provides smooth, accurate tracking and slew speeds of
up to 50 deg/s for rapid acquisition. The mount is controlled by the remotely accessed single board computer
located on the optical breadboard. Initial pointing of the mount can be provided by spacecraft two line element
(TLE) ephemeris or aircraft automatic dependent surveillance-broadcast (ADS-B) retrieved over the internet,
or in the case of this experiment, from GPS coordinates transmitted from the drone via 921.2 MHz LoRa signal.
The vendor-provided mount API natively accepts TLEs and calculates the mount path accordingly, while ADS-B
and GPS coordinates are converted into mount altitude and azimuth coordinates by our bespoke software layer
above the mount APL.

Machine vision. GPS and TLEs are not sufficiently precise to point an optical ground station accurately
enough to acquire its target. To provide an intermediate acquisition and tracking stage between TLE/GPS and
the tip/tilt AO system, an MV system is used for optical closed loop control of the mount. We use a commercially
available MV camera with an f = 500 mm lens, giving a1.0° x 0.75° field of view. An example image is shown
in Fig. 4. This is large enough to allow for errors in TLE/GPS-derived pointing, but with a fine 9 jirad/pixel
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OPTICAL TERMINAL
Mon.PD  Fre 50:50 Expander

Figure 1. Schematic of the deployable optical terminal and experiment. Mon. PD monitoring photodetector,
FFC fiber to free-space collimator, QPD quadrant photodetector, CCR corner-cube retroreflector, LED light
emitting diode, LoRa “Long Range”, T'x transmitter, Rx receiver.

Figure 2. Left: the optical breadboard layout. MV Machine vision lens and camera, TTM tip/tilt mirror, LM
static launch mirror, GBE Galilean beam expander, QPD quadrant photodetector, SBC single board computer,
PD photodetector, BS beamsplitter. Right: the deployed optical terminal. Optics and MV are located on the
far side of the breadboard. The tip/tilt control electronics are visible on the lower left of the mount base. The
telescope mounted on the left was not used for this experiment.
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Parameter Value
Transceiver aperture 50 mm
Transmit laser

‘Wavelength 1550 nm
Beam waist 17.1 mm
Power 11.7 dBm
Machine vision

Focal length 500 mm
Field of view 1.0° x 0.75°
Pixel scale 9 prad/pixel
Mount command rate 10 Hz
Beacon wavelength 532nm
Tip/tilt AO

Bandwidth 200Hz
Mirror actuation range +2 mrad
Mirror resolution 50 nrad

Table 1. Mount parameters.
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Figure 3. Block diagram showing interfaces between components during initial acquisition (blue) and
continous tracking (red).

for tracking resolution. A broadband green filter was added to enhance the signal-to-noise ratio of the drone’s
532 nm beacon LEDs over the blue-sky background.

The response time of the mount limited the rate at which it could receive commands from the MV system to
~ 15 Hz, but to avoid intermittent CPU bottlenecks on the single board computer (SBC) we further limited the
camera acquisition and command rates to 10 Hz. Each image was thresholded to detect the four beacon LEDs
on the target that circumscribe the CCR. The pointing error is calculated from the pixel difference between the
center of mass of the thresholded pixels and the “hotspot”; the pixel coordinates where the target must be located
for the retroreflected laser to be coupled back into the SMF. The difference in pixel values are converted to errors
in azimuth and altitude angles, and then fed to a software proportional, integral, derivative (PID) control loop
to calculate offset rates, in arcseconds per second®, to apply to the mount to maintain the target on the hotspot.
The hotspot is determined pre-flight using the 600 m and 2.4 km static links. The camera was aligned on the
mount such that the x-axis aligned with azimuth, and the y-axis with altitude.

Coherent communications. The 1550 nm laser communications signal under test was generated by a
commercially-off-the-shelf C form-factor (CFP) 27.95 Gbaud dual polarization quadrature phase shift keying
(DP-QPSK) digital coherent optics (DCO) module, with net line rate of 118.8 Gbps, typical of high-capacity
optical fiber transport networks. This DCO module was controlled with an evaluation board, providing access to
standardised pre-forward error correction (FEC) BER and received power measurements with a 1 s minimum
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Figure 4. Image from the machine vision tracking camera. The red cross shows the detected position of the
beacon LEDs. The white circle shows the tip/tilt mirror actuation range, centred on the predetermined hotspot.

performance monitoring interval®. This 1 s sampling rate is suitable for deployment in fixed fiber networks, but
will not capture amplitude shifts seen on a free space link due to the shorter atmospheric coherence time (a few
to tens of milliseconds). In-fiber commissioning of the DCO module demonstrated the threshold power corre-
sponding to a FEC-correctable BER of 4.5 x 10~ is approximately — 30 dBm (optional registers reporting opti-
cal signal-to-noise ratio?® were not implemented in this module). This BER value was taken to be the threshold
for error-free communication, with the caveat that a 1 s period of reception averages out short duration bit error
events over a free-space link and some instances may exceed the error-free threshold. Unfortunately, post-FEC
BER nor QPSK constellations were available from this module.

As the DCO power measurements are taken at 1 Hz, fast power fluctuations due to atmospheric turbulence
are subject to aliasing. Therefore, a 90:10 splitter sends 10% of the received light to a monitoring photodetec-
tor to capture received power information at 2 kHz. This sample rate is faster than the atmospheric coherence
time, and allowed us to determine whether short duration deep fades due to turbulence or pointing errors were
present; if signal is observed throughout the drone passes then the goal of robust SMF coupling is successful.

Optics. The communications signal is fiber fed from the DCO module to the mount via an erbium-doped
fiber amplifier (EDFA) nominally providing 20 dB gain and < 5 dB noise. The amplified output power was
verified using a handheld power meter before feeding to the mount, where it is transmitted from a fiber to free-
space collimator as a beam of waist radius wo = 1.14 mm. The beam is directed to a 50:50 beamsplitter, needed
for the tip/tilt AO correction of the returned beam, where 50% of the power is transmitted through the system.
The transmitted portion of the beam is expanded by a 15x Galilean beam expander (GBE) to a waist radius of
wo = 17.1 mm from an aperture diameter of 50 mm. We chose this beam size to be as large as possible to mini-
mise divergence due to diffraction, while remaining smaller than the expected worst-case Fried Parameter size
(ro, typically on the order of ~ 10 cm at 1550 nm for strong turbulence). In this regime, scintillation is negligi-
ble and first-order tip/tilt AO alone is sufficient to correct for atmospheric turbulence. The expanded beam is
reflected off the piezo-electric tip/tilt mirror to a static launch mirror before exiting from the system. Note that
in Fig. 1, these two mirrors are swapped for graphical convenience, but this is functionally identical.

After propagating across the atmospheric channel to the drone, the beam is retroreflected and returned to the
transceiver where it follows the reverse path through the optics. This time, at the beamsplitter, the transmitted
light is coupled back into the SMF to be sent to the communications module and monitoring photodetector,
while the reflected light is focused onto a position sensitive quadrant photodetector (QPD). Variations in angle-
of-arrival of the retroreflected beam imparted by turbulence and/or pointing errors are translated into lateral
spot movement on the QPD, which is used by the PID loop and control electronics to drive the tip/tilt mirror
actuation to maintain the spot centering.

The tip/tilt AO system consists of a two-inch diameter mirror mounted to a commercial fast Piezo tip/tilt plat-
form and its associated electronics. The Piezo platform has a specified closed-loop angular resolution of 50 nrad
and actuation range of £ 2 mrad in two dimensions. During this experiment, the tip/tilt loop was operated at
200 Hz. Due to atmospheric reciprocity®, the tip/tilt loop has the dual effect of correcting beam wander of the
outgoing beam to maintain pointing, as well as correcting the angle-of-arrival of the return beam to maintain
fiber-coupling efficiency.

A link budget for the experiment is presented in Table 2. The in-fiber transmit power was limited to a maxi-
mum of 11.7 dBm to avoid saturation of the QPD and mitigate the effect of prompt reflections, largely from the
refractive elements of the beam expander. The terminal optics imposed a combined 15.7 dB loss across trans-
mission and reception, leaving 26 dB of link margin above the - 30 dBm threshold for pointing, geometric, and
atmospheric losses.
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In-fiber transmit power 11.7 dBm
Transmit beam split loss -3dB
Geometric and clipping loss -17dB
Receive beam split loss -3dB
Single-mode fiber coupling loss -8dB
Received power threshold for 10~ BER | — 30 dBm
Link margin 26 dB

Table 2. Demonstration link budget.
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Figure 5. Top: the drone in operation, with MV beacon LEDs visible on the gimbal-mounted optical payload.
Bottom: close-up of the optical payload showing the beacon LEDs, CCR, and camera.

Drone. To simulate the angular motion of a satellite in LEO, we use a professional grade drone carrying a
gimbal-mounted optical payload consisting of a two-inch CCR to return the 1550 nm signal, four 532 nm bea-
con LEDs for MV tracking, and a camera for payload orientation. The drone also carries a GPS and barometric
altimeter that relay coordinates to the optical terminal via LoRa for autonomous acquisition. The drone has a
maximum horizontal velocity of 65 km/h, allowing us to easily mimic the ~ 1 deg/s angular tracking rates of
LEO across the ~ 700 m distance to the optical terminal. Figure 5 shows the drone in flight with the payload
LEDs illuminated (top), and a close up of the payload (bottom).

Flight operations. After take-off, the drone climbed to a regulation-limited 120 m altitude and moved
into position over the Swan River, then adjusted the gimbal pointing so the beacon LEDs were oriented toward
the mount. The onboard GPS module continuously transmitted the drone’s position to the optical terminal
computer, which was converted into altitude and azimuth angles to point the terminal at the drone. Once the
LEDs were visible within the camera’s field-of-view, the MV loop was closed and the mount pointing adjusted to
acquire and maintain the drone beacons on the hotspot.

With the drone located on the MV hotspot, the laser was nominally incident on the CCR and signal was
returned to the terminal. However, given the relatively short distance to the drone and its susceptibility to wind
buffeting, return power was only intermittently observed until the tip/tilt loop was closed and signal was stable.
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Figure 6. Map of flight area around the University of Western Australia campus in Perth, Western Australia.
Red dot is the deployable optical terminal on the roof of the physics building, blue lines are static link paths, red
line is the drone flight path during the 2022/04/21 flight. Map generated with OpenStreetMap data under the
Open Database License (openstreetmap.org/copyright).

Parameter 2022/04/07 | 2022/04/21
Temperature (°C) 30 25

Relative humidity (%) 25 34
Pressure (hPa) 1014 1023
‘Wind speed (km/h) 15 17

‘Wind direction w N

Cloud cover (%) 18 10

Air quality (peak PM, 5, pg/m?)

Duncraig (16 km N) <10 160
Caversham (18 km NE) 10 > 200

Table 3. Atmospheric conditions in Perth for flight dates.

The MV and tip/tilt loops ran concurrently to track the drone correcting for macroscopic motion, whether
intentional or due to wind buffeting, as well as beam wander from atmospheric turbulence. The MV controlled
the mount for high-amplitude, low-frequency (2 1Hz) errors and the tip/tilt loop controlled the tip/tilt mir-
ror for low-amplitude (< 2 mrad), high-frequency errors. With both tracking loops closed, we flew the drone
in passes replicating the tracking rates needed for free-space optical links to spacecraft in LEO. Figure 6 shows
a map of the drone flight path, which was limited in the north by obstructed line-of-sight, and to the south by
dense marine traffic.

Results and discussion

Flights were conducted on 2022/04/07 and 2022/04/21, with the former being a series of test flights and the
latter being the culminating “high speed” flight. Atmospheric conditions for these dates are shown in Table 3.
Figure 7 shows the BERs versus received optical power (top panel) for the flights with in-fiber measurements for
reference, as well as histograms for the received power (bottom panel) for both days. During testing the received
optical power ranged from —20 to —12 dBm, implying total pointing, atmospheric, and other losses of 8-16 dB.
However, on 2022/04/21 smoke was present due to controlled burns by the Parks and Wildlife Service; air quality
monitoring from sites 16 km north and 18 km north-east reported peak PMj 5 densities over 150 and 200 pg/

Scientific Reports |

(2022) 12:18345 | https://doi.org/10.1038/541598-022-22027-0 nature portfolio



C.3. DEMONSTRATION OF 100 GBPS COHERENT FREE-SPACE OPTICAL
COMMUNICATIONS AT LEO TRACKING RATES

www.nature.com/scientificreports/

Pre-FEC Bit Error Rate (BER) vs Received Power
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Figure 7. Top: pre-FEC BER versus received power. The black line is measurements taken in-fiber, delineating
best possible performance. The gray dots are measurements from the 2022/04/07 test flights, red dots are from
the 2022/04/21 high speed flight. Bottom: histogram of received power. Gray is from 2022/04/07 test flights, red
is from 2022/04/21 high speed flight.

—22

—24 .. . . P . ‘o . o oy
354 wei™ o .. S e, en stea o s mey o8
—26 -
—-4.0 4
—28 1

Rx Power [dBm]

—4.54 +  Modulation on
+« Modulation off

log(BER)

—5.0 4

|
ES
|

-5.5 4

|
v
L

log{BER)

-
-
—29 -28 -27 -26 -25 -24 -23 -22
0 20 40 60 80 100 120 Rx Power [dBm]
Time [s]

Figure 8. Left: time series for power (red) and log(BER) (green) for rapid power modulation test of DCO
module. Right: scatter plot of BER versus power for modulation on (orange) and off (black).

m? respectively, compared with average values for those sites of ~ 20 ug/m?>. The increased density of micron-
sized particulates imposed an apparent additional loss of ~ 10 dB due to Mie scattering of the 1550 nm beam
across the link, compared with the test measurements taken in the clearer PM; 5 conditions on 2022/04/07. This
reduced power resulted in an associated increase in BER. The measurements deviate from the in-fiber reference
due to aliasing of the turbulence-induced power fluctuations occurring faster than the 1 Hz sampling rate. In-
fiber testing with a signal modulated by + 3 dB at 220 Hz produced a two orders of magnitude increase in BER,
with the aliased power measurements distributed near uniformly across the modulated range, as seen in Fig. 8.
We therefore conclude the clustering of points at the top right of Fig. 7 is due to a period of particularly high
turbulent variability across the link.

Figure 9 shows time-series data for the 2022/04/21 high speed flight, showing drone-terminal distance,
drone velocity, mount azimuth tracking rate, MV tracking error, received optical power (from DCO module and
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Figure 9. Time series data. From top to bottom: line-of-sight distance between the deployable optical terminal
and drone as calculated from GPS. Drone horizontal velocity, as calculated from GPS. Mount azimuth tracking
rate, as calculated from mount (orange) and GPS (grey). Machine vision tracking errors in azimuth (orange) and
altitude (blue). Received optical power from photodetector (blue) and DCO module (red). BER. Times of link
dropout are delineated with a dotted line (t = 318 sand t = 4395s).

photodetector), and pre-FEC BER. Drone distance and velocity were calculated from GPS coordinates, which
also provide an independent measure of the mount azimuth tracking rate in addition to the values reported
directly by the mount. The MV tracking errors are the offsets in milliradians between observed drone position
and the hotspot.

The measurement series spans a total of eight drone passes over ~ 750s, with the longest uninterrupted link
period of ~ 318s, or four drone passes. The link is only broken at the end of the fourth and sixth passes (f = 318s
and t = 439 s) when the drone decelerated abruptly at the flight area boundary, resulting in pointing errors too
fast for the MV and too large for tip/tilt loops. When this occurred, the transmitted beam was no longer inci-
dent upon the CCR, and therefore no signal was returned; it is not the result of turbulence or poor link quality.
During these periods of interruption, the MV tracking remains active as long as the drone remains visible in the
1.0° x 0.75° field of view. When the tracking returns the drone to the hotspot, the tip/tilt loop is closed again.

During the flight, the drone ranged from ~ 550 to ~ 660 m line-of-sight distance. The drone reached a
maximum speed of 60 km/h, corresponding to an azimuth tracking rate of 1.5 deg/s. The MV tracking errors
show the effect of wind buffeting, with the azimuth error frequently spiking well above 1 mrad while the altitude
error remains stable below 0.25 mrad.

The returned optical power and BER plots show the link was lost only when the MV error exceeded 2.5 mrad
during the drone deceleration; somewhat greater than the manufacturer specified 2 mrad actuation limit of
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the tip/tilt mirror. The pre-FEC BER fluctuates between ~ 107 and ~ 107>, Given the millisecond scale of
turbulence-induced atmospheric coherence time, instances of high BER will dominate the average within each
1 s sample. Therefore, the BER floor is very likely pessimistic compared to what would be observed with shorter
and more frequent sample periods, which conversely would likely resolve more spikes above the FEC-correctable
threshold. However, we can infer that for a practical communications link, when the pre-FEC BER approached
and exceeded the (fiber-verified) FEC-correctable threshold of 4.5 x 1073, reliable communication could still be
established with an appropriate retransmission protocol at the data layer. With this in mind, the results serve as
confirmation that robust data transmission was maintained throughout the flight. Given the presence of smoke
induced power loss and the limitations of the DCO for free-space links, the important result is the maintaining
of the SMF coupling, rather than the specific BER behaviour.

The monitoring photodetector, receiving only 10% of the returned signal, was operating near the lower limit
of its dynamic range, where its response is non-linear making measurements less accurate than the DCO reported
values. The values shown in Fig. 9 were shifted by + 10.7 dB to account for the splitter and normalize the output
to the DCO measurements. Due to the non-linearity it does not show the same variation in power as the DCO
aliased measurements, but its 2 kHz sampling rate serves the critical purpose of showing that power fades are
not occurring on timescales shorter than the 1 s DCO sample time; verifying that we maintained fiber coupling
throughout the drone passes despite atmospheric turbulence, wind buffeting, and high angular velocity of the
drone. To the best of our knowledge, this is the first such demonstration of tip/tilt AO-stabilised robust SMF
coupling at the angular tracking rates needed for coherent ground-to-LEO links.

It is not possible to quantify the turbulence strength observed across the drone link from the data available
as the power measurements are post-tip/tilt correction and any angle-of-arrival variations from turbulence are
coupled with those from drone movement/vibration. Measurements without tip/tilt for comparison were also
not possible as the tip/tilt loop was required to keep the beam on the CCR in the presence of wind buffeting.
However, given the fact that tip/tilt was sufficient to keep the beam centered on the QPD, we can conclude that
scintillation was negligible and the integrated turbulence resulted in a Fried parameter size r larger than the
receiver diameter of 50 mm. For the round trip link distance of 1.2 km at 1550 nm, this would correspond to a
upper bound C2 of 5 x 10~ m~%/3 throughout the experiment.

In some respects, a low-altitude drone link is more challenging than a link to a spacecraft. At the ~ 600 m link
length, the change in beam size due to divergence is negligible such that at the drone it is still only on the order
of the CCR size. The drone was subjected to wind buffeting, causing motion at the scale of tens of centimeters
even in mild winds and moving the CCR in and out of the beam when the tip/tilt AO loop was not closed. This
motion was faster than the MV could correct the mount pointing, meaning that the tip/tilt AO system was cor-
recting for this in addition to angle-of-arrival variations due to atmospheric turbulence. Furthermore, without
a TLE spacecraft ephemeris providing an a priori coarse tracking path, the MV was responsible for tracking of
the drone’s large scale motion rather than making minor corrections to a pre-defined path. Despite these chal-
lenges the terminal maintained the link, with dropouts occurring only during abrupt deceleration of the drone
as it approached flight boundaries, where the correction required was too rapid for the mount tracking and too
large for the tip/tilt mirror. This situation is not analogous to any practical scenario of ground-to-LEO com-
munications with a cooperative target.

A further drawback of the airspace and altitude restrictions on the drone was that tests were limited to tan-
gential paths at a distance of > 550 m. In this situation, the angular velocity is almost purely azimuthal, at a low
altitude angle (~ 8°). The mechanical azimuth rate of the mount needed to track a target on sky with a given
angular velocity scales inversely with the cosine of the altitude angle, so the closer to zenith a satellite transits, the
faster the azimuth axis must rotate. A more robust test would be a flight that transits close to zenith, more closely
approximating the tracking demands on the mount axes where the required azimuth rate increases dramatically.
We aim to address this in future experiments with light aircraft.

For this work we used the retroreflected beam as its own tip/tilt beacon, which provides an angle-of-arrival
error signal despite atmospheric reciprocity due to the truncation of the Gaussian beam at the CCR on the drone
payload®. This was convenient as it minimised the size and weight requirements of the drone. For a real LEO
downlink, the spacecraft would either transmit a dedicated beacon signal at a separate wavelength from the data
signal, or a portion of the data signal could be siphoned to use as the tip/tilt (or higher order AO) beacon. In
either scenario, the operation of the tip/tilt loop remains unchanged from this work.

Our terminal has demonstrated the tracking capability for maintaining coherent ground-to-LEO commu-
nications, but to develop the terminal into a system capable of real uplink and downlink to LEO requires some
optimizations. The line-of-sight velocity of the drone in this experiment produced a Doppler shift of at most
~ 1MHz, whereas the Doppler shift seen from a spacecraft at 500 km altitude LEO is of order & 10 GHz dur-
ing each orbital pass. For this experiment Doppler shift was negligible compared to the + 1.8 GHz accuracy of
the DCO module, but for coherent communications from LEO, a local oscillator capable of sweeping across a
~ 20 GHz frequency range would be required.

The MV system would also need to be tailored to the beacon being used by the spacecraft. The limiting fac-
tor for our drone flights were the positional uncertainty from the GPS at a relatively short distance, requiring a
large field of view. A simple lens and visible camera were sufficient as the beacon LEDs provided ample signal.
A spacecraft beacon would be significantly fainter and therefore the MV system might be incorporated within
the larger receiver optics using a dichroic/other beamsplitter to increase sensitivity and resolution. Depending
on field-of-view constraints, separate coarse and fine MV systems may be needed®. It is possible the downlink
signal itself could serve as both tip/tilt and MV beacons, which would require a camera sensitive at the signal
wavelength. The demands placed on the MV for LEO would also be significantly less compared to the wind-
buffeted drone, meaning the control loop could operate at a slower rate and allow for longer integration time
of the fainter beacon.

Scientific Reports|  (2022)12:18345 | https://doi.org/10.1038/541598-022-22027-0 natureportfolio

153



APPENDIX C. SUPPLEMENTARY MATERIAL: PUBLISHED WORK

154

www.nature.com/scientificreports/

An increase in receiver aperture diameter is needed for more collecting power of the downlink signal, and
an increase in transmitter aperture is needed to reduce beam divergence and geometric losses over the link dis-
tance to LEO. Aperture sizes of a few tens of centimeters are sufficient for ground-to-LEO links?>*”?5. If the ratio
of aperture size to Fried Parameter D/ry is greater than one, either due to large aperture or strong turbulence,
higher order correction beyond tip/tilt is required to efficiently couple into SME. This can be accomplished with
traditional AO'>¥, or with novel “passive” methods such as photonic lanterns® or multi-plane light conversion®'.
In combination with atmospheric phase-stabilisation technology®**, such a deployable optical terminal could
even facilitate secure ground-to-LEO continuous variable quantum key distribution (CV-QKD)?*.

Conclusion

We have demonstrated a robust, high speed coherent free-space optical communications link between a deploy-
able optical terminal and drone moving at LEO-like angular velocities. Combining MV optical tracking and large
actuation range tip/tilt AO, we maintained transmitted beam pointing and retroreflected beam angle-of-arrival
in the presence of atmospheric turbulence and macroscopic motion to sustain the 100 Gbps link. Single mode
fiber coupling is requisite for high capacity coherent communications, and ground stations with capabilities such
as described here will relieve the data bottleneck between earth and LEO and provide ubiquitous internet-like
speeds to space.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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Abstract: Free-space optical (FSO) communication promises to bring fibre-like speeds to data trans-
missions between ground, sky and space. This is becoming more important in light of the increasing
volume of data collected by aircraft and spacecraft. The University of Western Australia (UWA)
is commissioning optical ground stations to support FSO communications payloads. We propose
retroreflected laser links to drones as a useful step towards further ground-to-sky and ground-to-
space FSO communications demonstrations. In this paper, we describe the operation of a hardware
testbed for a high photon efficiency optical communication physical layer. This testbed was deployed
over a slanted free space link to a drone to verify sub-systems required in communication between
the ground station and a spacecraft in cis-Lunar space. Accomplishing this verification of the tele-
scope pointing systems and communications systems would have otherwise been much harder or
impossible without using a retroreflected drone link.

Keywords: applications of drones; free-space optical communication; pulse position modulation

1. Introduction

From the Apollo era to today, deep space communication is conducted using radio-
frequencies (RF), with the Deep Space Network currently able to provide speeds up to
150 Mb /s using the Ka band [1]. However, RF bandwidth presents a bottleneck to ex-
panding deep-space communication capability. Free-space optical (FSO) communication
between space and ground will enable the return of larger science data payloads, larger
telemetry payloads, and streaming high-definition video to Earth. Pioneering experiments
in FSO communication include NICT’s 1994 space-to-ground laser downlink [2] and sev-
eral space-to-space laser links in the 2000s [3-5]. In the 2013 Lunar Laser Communication
Demonstration Mission, NASA demonstrated Moon-to-Earth optical communication at
downlink speeds up to 622 Mb/s, using the Lunar Laser Space Transmitter (LLST) [6]. In
the Artemis II Mission [7], a crew of NASA astronauts will orbit the Moon in the Orion
spacecraft. This will be the first crewed Lunar orbit since Apollo 17, over 50 years ago. The
Orion Artemis II Optical Communications Terminal (O20) is the successor to the exper-
imental LLST and will initially support space-to-ground downlink at speeds from 80 to
260 Mb/s and ground-to-space uplink at 20 Mb /s [8]. O20 will transmit information using
the pulse-position modulation (PPM) format, standardised by the Consultative Committee
for Space Data Systems (CCSDS) in the 141.0-B-1 Recommended Standard [9].

Earth’s atmosphere remains a challenge to FSO communication because of the delete-
rious effects of atmospheric turbulence on optical propagation. Techniques for mitigating
turbulence and correcting optical wavefronts, such as adaptive optics, have been success-
fully applied in optical astronomy for decades [10]. Therefore, organisations specialising
in optical astronomy and space situational awareness are showing interest in establishing

Drones 2023, 7, 99. https:/ /doi.org/10.3390/drones7020099

https://www.mdpi.com/journal/drones



C.4. GROUND-TO-DRONE OPTICAL PULSE POSITION MODULATION

DEMONSTRATION AS A TESTBED FOR LUNAR COMMUNICATIONS

Drones 2023, 7,99

20f9

optical ground station networks to support FSO communications, including several Aus-
tralian institutions [11]. However, the limited accessibility of FSO communications-capable
satellites in orbit remains a challenge for commissioning optical ground stations. Hardware
testbeds in lieu of satellites and spacecraft are therefore useful for testing and verifying
optical ground station systems and sub-systems.

Retroreflected laser links to drones are one such testbed and have been used by the
frequency metrology community in preparation for tests of fundamental physics over
satellite laser links [12,13]. For communications purposes, the channel statistics of retro-
reflected drone links have been analysed and tested for round-trip lengths up to 204 m [14].
A retroreflected communications link was demonstrated using orbital-angular momentum
multiplexed light at 40 Gb/s over a round-trip distance of 100 m [15]. Extensions to this
method are possible. For example, due to drone mobility, a drone may also be slewed,
requiring the ground station to slew at equivalent angular rates to a low-Earth orbit satel-
lite, therefore simulating low-Earth orbit satellite tracking [16]. However, in the context of
Lunar and deep-space communication, a stationary, hovering drone is more analogous to
communication with FSO payloads in cis-Lunar space, deep space or geosynchronous orbit.
Furthermore, FSO communication demonstrations with stationary, long-distance drone
platforms are also of interest to terrestrial network designers, as drones have been pro-
posed as highly mobile nodes for FSO communication feeders in re-configurable networks
for disaster recovery and urban centres [17,18]. Numerical studies of drone-to-ground
communication have also been conducted [19]. True drone-to-ground communication for
space simulation or terrestrial communication remains difficult to accomplish due to size,
weight and power requirements. One drone-to-ground demonstration was conducted
with a drone-borne active optical payload linked and powered with a tether to conduct
loopback measurements over the aerial link [20]. However, the provision of a tether limits
the drone’s mobility and altitude, while also introducing vibrational modes associated with
tension in the tether. However, advances in retroreflected links have led to achievements in
drone-to-ground communications. In one case a 560 m, 500 Mb/s drone-to-ground link
was demonstrated by using a modulating retroreflector [21].

In this paper, we present a 1.3 km round-trip retroreflected drone link, using a hard-
ware transceiver based on CCSDS 141.0-B-1. Using a drone in this scenario is presented as a
highly accessible, high-uptime testbed for FSO communications and flight operations. PPM
symbols were transmitted and received over a 1.3 km folded link formed between an optical
terminal and an optical payload, including a corner-cube retroreflector (CCR), mounted to
a multi-rotor drone. Angle-of-arrival variations are exhibited by CCR-folded links despite
atmospheric reciprocity [22], so the optical terminal must simultaneously demonstrate
correction of the ‘downlink” beam angle while pre-compensating for the “uplink’ beam
pointing. The 4-PPM symbols with 8 ns slot widths were transmitted, received and demod-
ulated for a line rate of 50 Mb/s, using commercial-off-the-shelf (COTS) components.

2. Materials and Methods

Figure 1 shows a photograph of the optical terminal in panel (a), alongside a photo-
graph of the drone and drone-borne optical payload, in panel (b). Figure 2 shows a detailed
schematic of the optical systems. As the link segment is a folded FSO range, the transmitter
and receiver hardware are conveniently located in the same cabinet and are isolated in fibre
with an optical circulator.
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Figure 1. (a) Optical terminal. The upper-right box contains the free-space optics and machine vision
system. The lower-left box is a tip-tilt mirror high voltage stage. The upper-left telescope is from
an unrelated system. (b) Drone carrying the optical payload. Inset: close-up of the optical payload,
consisting of LED array, pilot camera and corner-cube retroreflector.
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Figure 2. Schematic of the free-space optical pulse-position modulation demonstration. CCR: corner-
cube retroreflector; FFC: fibre-to-free-space collimator; FPGA: field programmable gate array; GBE:
Galilean beam expander; PD: photodetector; PID: proportional, integral, derivative; SWIR: short-wave
infrared; VOA: variable optical attenuator.

2.1. Optical Systems

The optical terminal is a precursor to a field-deployable mobile optical ground station.
Coarse pointing with the terminal mount (L-350, Planewave Instruments, Adrian, MI, USA)
is achieved with a machine vision (MV) system, comprising a visible-light camera, lens
and single board computer, used to image the drone and payload. The drone-borne optical
payload includes a square array of visible wavelength (green) beacon LEDs, arranged
uniformly around the centre of the CCR. This beacon-camera arrangement feeds back to
the MV system to automatically servo the mount when engaged, keeping the beam within
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the field of view of the optical terminal’s laser path. The field-of-view of the machine vision
system is 17.5 x 13.1 mrad, with an angular resolution of 9 prad.

The optical terminal also houses the FSO components for directing the laser beam.
Optical signals from the transmitter are fed to the terminal using fibre. At the fibre-to-free-
space collimator (FFC), the signal is launched into free space. This beam passes through
a 50:50 beam splitter to a Galilean beam expander with a clear aperture of 43.5 mm. The
beam splitter is required to image the returning beam, so half of the outgoing power must
be directed to a beam trap and is lost. The outgoing beam is then steered by the tip-tilt (TT)
mirror and stationary fold mirror, out of the terminal. The incoming retroreflected beam
follows the same path, but this time half of the power is coupled into the fibre via the FFC,
and then to the optical receiver. At the link distance, no clipping due to beam divergence is
caused by the aperture of the CCR or the Galilean beam expander. Half of the incoming
beam is directed by the beam splitter to the imaging arm.

In the terminal’s imaging arm, a lens focuses the incoming beam onto a 3 mm quadrant
photodetector (QPD) with a field-of-view of 2.9 x 2.9 mrad. Two position signals from
the QPD are used to estimate angle-of-arrival variations and are input into a proportional,
integral, derivative (PID) controller (one for each of the pitch and yaw mirror axes) and
output to the TT mirror piezo actuators. The mirror has an actuation range of 4 mrad,
covering the QPD field of view. Co-alignment between the QPD and FFC means the TT
mirror provides high-frequency, narrow field-of-view pointing for fibre coupling.

Finally, the drone-borne optical payload also carries a camera to assist the drone pilot
in pointing the payload towards the optical terminal. The optical payload chassis is a
3D-printed enclosure and mounts to the COTS gimbal controlled using the drone’s native
software and controller.

2.2. Transmitter and Receiver Hardware

A PPM transmitter and receiver are implemented to demonstrate the capability of the
system as a testbed for Lunar FSO communications systems. A field-programmable gate
array (FPGA) development board (STEMlab 125-14, Red Pitaya, Solkan, Slovenia) generates
a pseudo-random binary sequence (PRBS), mapped to a 4- or 16-order PPM waveform
output. A high-slew-rate amplifier (THS3491, Texas Instruments, Dallas, TX USA) matches
the digital pin on the development board to the modulation port of a high-extinction-ratio
optical amplitude modulator (MXER-LN-10, iXblue, Saint-Germain en Laye, France). A
fibre-coupled seed laser (Koheras BASIK X15, NKT Photonics, Birkerod, Denmark) in the
1550 nm optical C-band is used, as it conveniently has polarisation-maintaining output
fibre, avoiding polarisation-dependent losses in the modulator due to birefringence.

The transmitter PPM waveforms were measured over a 2 km fibre link in a lab
environment to determine the minimum possible slot width due to bandwidth limitations
of components. At 16 ns and 8 ns slot widths, the transmitted pulses exhibit well-defined
edges shorter than 1 ns. At 8 ns width, the raw bitrates with 4- and 16-PPM mappings (and
guard slots) are 50 Mb/s and 25 Mb /s, respectively. PPM symbols with 4 ns slot widths
were tested but appeared distorted, most likely by the electrical transmission properties
of the physical interconnect between the FPGA pin and the driver amplifier, limiting the
achievable slot clock speed and, therefore, data rate. For the demonstration, the PRBS was
framed into 15120 bit codewords, using the 4-PPM format with an 8 ns slot width. A faster
slot clock could be achieved with a purpose-built electro-optical interface, to achieve the
0O20-specified 260 Mb/s.

The receiver hardware comprises a single-mode fibre (SMF)-coupled InGaAs photode-
tector (Menlo Systems FPD510-FC-NIR, typical to the coherent detection systems more
often used by the group) and digitiser (ATS9360, AlazarTech, Pointe-Claire, Canada), with
sufficient bandwidth to observe the PPM waveforms. An SMF-coupled detector was used
as it was available, but a multi-mode fibre-coupled or free-space detector would be better
suited, as PPM communication is not mode-selective. Slot and symbol synchronisation
and demodulation are conducted offline in MATLAB. The incoming PRBS is used to mea-
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sure the bit-error rate (BER) of a sequence of PPM symbols, provided the first eight PPM
symbols in a record are received without error. As the incoming light is coupled to SMF,
the PPM signal experiences fading from angle-of-arrival variations caused by turbulence,
wind-buffeting of the drone, and mechanical vibrations of the optical payload. A variable
optical attenuator was also added ahead of the photodetector to manually control the
link margin.

2.3. Receiver Software

The offline receiver achieves slot synchronisation for a codeword by edge detection,
for an initial estimation of slot boundaries in the record of photodetector output voltage
samples. Symbol synchronisation is then achieved by overlaying and summing a number
of un-synchronised symbols and identifying the guard slot as the slot with the lowest
cumulative sum. Maximum-likelihood demodulation of each symbol is implemented by
summing the voltage values in each slot location and selecting the slot with the largest
value. If the signal is lost at the beginning of a codeword, synchronisation fails and the
codeword is discarded. However, if the signal is lost after a codeword is synchronised, the
demodulator has an equal likelihood four-way decision on the pulse slot location for a
given symbol.

2.4. Receiver Performance
For 4-PPM with a typical maximum-likelihood detector [23], errors arising from signal

fade will lead to a BER,
BER = Q(\/SNR), )

where Q(x) is the Q-function and SNR is the signal-to-noise ratio. Analytical models
for PPM error rates in terms of photodetector physics are complex to derive. In order to
compare the demonstration data with this threshold, a simple model for SNR as a function
of photodetector output voltage was developed for this demonstration. Three parameters
are observed in the photodetector output voltage, vy,

Vg = Us + Vo + . 2

The photodetector voltage, v; comprises the slot amplitude, vs, an offset voltage, v,, and
additive white noise fluctuations, v,, with zero-mean and variance (73. The optical signal
itself is assumed to be otherwise noiseless because of the high extinction ratio of the
modulator. Therefore, the SNR for each readout is

n

where (v?) is the mean squared value of the voltage corresponding to v5 or v, sampled
over the entire codeword.

2.5. Demonstration Operations

The optical terminal, transmitter and receiver were located on the roof of the Depart-
ment of Physics building at The University of Western Australia at an altitude of 32 m
above sea level. The drone hovered at an altitude of 120 m (the maximum allowed by
local regulations, without exemptions), with a 650 m slant distance from the terminal site,
completing the 1.3 km slanted folded link. While the drone was hovering, the pilot would
use the optical payload camera to coarsely align the CCR with the optical terminal. At the
optical terminal side, the drone was pulled into the MV system’s field of view by slewing
the mount while viewing the MV camera feed. Upon entering the field-of-view of the
machine vision system, the tracking system could be engaged, automatically moving the
mount to locate the CCR within the field-of-view of the QPD. The TT system then dynam-
ically corrected pointing errors. Operating concurrently, the two pointing and tracking
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systems effectively maintained fibre coupling while the drone hovered in place. If the TT
system was disengaged by disconnecting the PID controllers, the MV system was not able
to couple the laser light back into the SMF on its own, due to the beam size, link distance
and wind buffeting of the drone.

3. Results

Results are presented for a drone flight conducted during the day on 18 March 2022,
at 2:30 p.m. The wind speed recorded at the local weather station, Perth Airport, was
~16.7 km/h [24].

The link budget for the testbed is presented in Table 1. The optical sensitivity floor for
the photodetector was determined to be —33 dBm, corresponding to a mean output voltage
of 1.4 mV. During measurements, the variable optical attenuator was adjusted such that
the received power, after pointing losses, was near the threshold for error-free reception.
Error-free reception occurred when the output voltage exceeded 2.9 mV, corresponding
to an optical pulse power of —30.3 dBm. Typically, less than one-third of the codewords
were received without error, as the optical power received remained consistently above the
—30 dBm error-free threshold due to angle-of-arrival correction by the TT mirror. At this
link distance, the beam size is smaller than the Fried parameter and, therefore, scintillation
due to turbulence was not expected to cause any fading in excess of the angle-of-arrival
errors caused by drone movement and beam wander.

Table 1. Link budget for retroreflected laser link to drone.

Parameter Value
Transmit power 13.0 dBm
Modulator insertion loss —3.50 dB
Circulator losses —240 dB
Splitter loss (2 way) —6.00 dB
Singlemode fibre coupling penalty —100 dB
Receive power (error free) —30.3 dBm
Combined pointing and variable attenuator loss 226 dB
Mean photodetector sensitivity —33.0 dBm
Error-free link margin 270 dB

To confirm receiver functionality, BER was compared to Equation (1) using obser-
vations for SNR per Equation (3). The portion of transmissions received with bit errors,
caused by partial or complete signal fading arising due to pointing errors, allow the receiver
performance to be characterised. Figure 3 shows the SNR as derived from Equation (3) and
BER for 720 codeword transmissions, with each data point representing a single 15,120-bit
codeword. This record has a BER measurement sensitivity floor of 1/15,120 errors per bit,
and a ceiling at 1/2 errors per bit, caused by failure to demodulate, though pulses were
present. For comparison, the theoretical BER, from Equation (1), is plotted alongside the
data as a black line in Figure 3.
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Figure 3. Bit-error rate versus signal-to-noise ratio (SNR) of 720 received 15120 bit 4-PPM codewords.

4. Discussion and Conclusions

This demonstration involving a drone-borne CCR provided a useful return on expe-
rience towards FSO communications developments, including potential communication
with O20 on a full-sized optical ground station. This was particularly true in the domain
of flight operations, not otherwise accessible without enlisting the services of professional
small aircraft operators, or operators of commercial high-altitude pseudo satellites or the
few FSO communication-capable satellites in orbit. The drone link demonstration required
the coordination of equipment and planning of methods within the research group and
was subject to scheduling with the aviation authority and local government as well as un-
controllable go/no-go conditions such as wind warnings and rain. In effect, the availability
of the drone provided a scaled-back simulation of space operations.

Interpreting Equation (3) implies the optical sensitivity floor represented by v, is
analogous to background counts in photon-counting receivers, and a comparison may be
drawn between the drone link and LLCD results [25]. Downlink results from [25] reported
error-free communication at 38.55 Mb/s with a link margin of 13.5 dB between signal and
background photon counts. Per Table 1, the error-free link margin for the demonstration
was 2.70 dB. While it is not possible for this testbed to recreate the transmission powers
and link losses of a Lunar-to-ground link, the receiver may be similarly tested with the
link margin at the limit of its sensitivity. This scales with detector technology, so a photon-
counting detector with a lower sensitivity floor may be integrated into a future iteration of
the testbed, and the receive power adjusted to recreate the link margin conditions.

Figure 3 shows a main cluster of BER versus SNR results following the theoretical rela-
tionship, confirming the expected performance of the receiver. However, the demodulation
algorithm implemented often failed to completely demodulate a codeword if too many
early symbols were faded, or if the slot or symbols synchronisation had failed, causing
‘synchronised” pulses to fall across slot boundaries. These cases account for the outlying
clusters at the top of the graph, stratified around BERs of 0.5 and 0.33, and indicate further
margin for improvement of the offline receiver algorithm before investing engineering time
into a real-time receiver.

The 1.3 km retroreflected drone link presented can be extended with materials and
methods previously demonstrated over shorter retroreflected links such as verification of
atmospheric channel modelling [14]; demonstration of other communication formats [15];
or demonstrations of modulating retroreflectors [21]. Further extensions previously demon-
strated include links to tethered drones, carrying active optical payloads [20], or drones
moving in paths tangential to the ground station, thus requiring the ground station to
track at angular rates equivalent to satellite tracking [16]. Furthermore, results from FSO
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communication demonstrations with stationary drones will be of interest to designers and
analysts planning future terrestrial and disaster-response networks [17,18].

The drone provided a testbed to perform technical verification of the prototype com-
munications equipment, intended for a future Lunar FSO communication link, over a real,
time-varying channel. This also tests the mechanical robustness of the optical assembly and
pointing systems. The effectiveness of the testbed is limited by dissimilarities to O20 in
terms of modulation format and detector technology, as well as the relative differences in
aperture sizes and optical power levels involved (intrinsically linked to detector technology
and link distance). However, some of these limitations can be addressed with changes
to the optics and launching the drone from a different location. Furthermore, without
undertaking more fundamental demonstrations of capability, costly engineering upgrades
to make the communications system more closely resemble O20, such as the integration
of photon-counting detectors, are risks and may not be supported by prudent systems
engineering processes. The drone testbed will allow us to continue rapidly integrating
and testing subsystems as work progresses to a more complete emulation of a cis-Lunar
communication system. Therefore, this paper supports the case for retroreflected drone
links as useful testbeds for developing FSO communication capabilities while access to
FSO communications payloads in orbits remains limited.
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