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Abstract

Atmospheric optical degradation is a key inhibitor to the performance of a Free-
Space Optical Communications (FSOC) link. The turbulent mixing of air creates
a non-uniform refractive index within the atmosphere. Light propagating through
this turbulent medium is subject to various propagation effects, including phase
distortions, intensity fluctuations, beam wander, and speckling, all of which con-
tribute to signal degradation at the receiver. The extent of this degradation is de-
termined by the strength of the atmospheric turbulence encountered that the light
interacts with. While the characterisation of such turbulent environments has been
extensively studied within the field of astronomical instrumentation—typically in
remote, high-altitude locations—these sites are not always suitable for communic-
ation links. Therefore, it is necessary to characterise turbulence in less optimal

environments—this primary focus of this thesis.

This research investigates optical turbulence in diverse environments, including
urban landscapes and varying zenith angles. The first part of the thesis examines
the impact of changing zenith angles on the turbulence parameters o7 and rg, cru-
cial for ground-to-satellite communication links between transiting LEO satellites
or the maintenance of a link between GEO-satellites and ground stations at high
latitude. It was found that the scintillation index remains consistent with weak
and strong fluctuation theories until zenith angles exceed approximately 80°, where
weak fluctuations increase asymptotically and strong fluctuations saturate, deviat-
ing significantly from observed values that reduce to near 0.3. Similarly, the Fried
parameter aligns well with the theory up to a zenith angle of approximately 70°.

When approaching larger zenith angles, both Kasten and Young’s theories and




secant scaling overestimate the Fried parameter, tending to 0.9 cm, whereas true

measurements tend towards 2.5 cm, indicating weaker turbulence than predicted.

The second part of the thesis presents the first measurements of atmospheric optical
turbulence in an urban environment, specifically over London’s financial district,
where the Fried parameter, Rytov variance, and scintillation index were found
to have mean values of 4.5 cm, 0.2, and 0.08, respectively. Vertical turbulence
distributions were developed based on these measurements, which were then used
to simulate realistic urban FSOC conditions. The study demonstrated that adding
tip/tilt-only correction and full adaptive optics (AO) improved coupling by 8.86 dB
and 11.6 dB, respectively, compared to the uncorrected case. For communication
links established at zenith angles of 60° or higher, full AO was recommended due to
the significant aberrations at these angles, with an improvement of 4.2 dB observed

between tip/tilt-only and full AO systems.

Finally, a study was conducted at the Universitat Politecnica de Catalunya in
Barcelona, collecting 40 hours of continuous optical turbulence data in an urban
setting. The findings revealed significant daily fluctuations in turbulence, with
mean values for Fried parameter, Rytov variance, isoplanatic angle, and coherence
time of 6.2 cm, 0.36, 1.1 arcsec, and 3.6 ms, respectively. The study observed a
decrease in the turbulence strength, reflected in each turbulence parameter, during
the transition through sunset. The performance of a satellite-to-ground optical
link is simulated investigating the impact of increasing beam waist in the uplink
and increased receiver size on the downlink. Each of these scenarios investigate
different adaptive optics configurations to compensate for the turbulence. It was
found that in the strongest observed turbulence conditions, full AO offered at most
a 7 dB improvement compared to no compensation on the downlink. Additionally,
for uplink precompensation, full LGS-AO offers at most a 14 dB reduction in signal

losses.
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CHAPTER 1

Introduction

Turbulence has captivated the curiosity of both artists and scientists throughout history.
From Leonardo da Vinci’s attempts to describe the chaotic motion of water vortices in a
running tap to Vincent van Gogh’s depiction of the swirls of the air in our atmosphere in
both Starry Night and Road with Cypress and Star (see figure 1.1), turbulence remains
an enduring subject of fascination. In our daily lives, turbulence influences the clouds

we see, the weather we experience, and how light passes through our atmosphere.

Recently, scientists have been studying the nature of optical propagation through at-
mospheric optical turbulence. Turbulence creates localised variations in air density,
akin to behaving as tiny lenses, distorting the light as it passes through them. This
phenomenon, long known to astronomers, manifests itself in the twinkling of stars and
the apparent shift in their positions. Our comprehension of optical turbulence has been
pivotal in the evolution of ground-based optical telescopes, supplementing our under-
standing of the universe. Moreover, researching optical turbulence has gained renewed

significance in the subject of Free-Space Optical Communications (FSOC).

Current communications systems face saturation due to an ever-increasing demand for
global connectivity. A surge in the number of devices requiring internet connectivity,

coupled with the advancement of technology used by each device means that there




1. Introduction

Figure 1.1: Vincent van Gogh, Road with Cypress and Star (1890).

are ever-increasing data demands per user. By using optical frequencies for commu-
nication instead of radio frequencies, access to the high data rates and low latency
provided by fibre optic communications is achieved, along with the freedom to propag-
ate through the atmosphere. This allows for communication with satellites using optical
wavelengths, as well as the establishment of terrestrial links without the constraints of

fibre installation.

The benefits of integrating FSOC into global communication systems cannot be over-
stated. Low latency ensures swift responsiveness in data transmission, crucial for ap-
plications such as real-time communication, financial transactions, and remote control
operations. In the context of FSOC, this lower latency is achieved not due to faster
propagation speeds, but rather because of the higher bandwidth and reduced conges-

tion compared to Radio Frequency (RF) systems (Uysal, 2016). Additionally, high















































































































































































































































































5.3.2.  Simulation of optical propagation and adaptive optics

Parameter Value
Wavelength (nm) 1550
Receiver diameter (cm) 40
Receiver central obscuration (cm) 8
Transmitter diameter Point-like
Zenith angle (°) 0<¢<60
Satellite altitude (km) 1000
Number of atmospheric layers 10

Table 5.1: Simulated atmospheric and receiver parameters.

5.3.2 Simulation of optical propagation and adaptive optics

The atmospheric optical propagation and adaptive optics system are simulated using
FAST, a tool demonstrated in section 3.3.1. Each realisation is iterated 5000 times per

simulation run to approach statistical convergence.

Figure 5.6 compares 07 between the analytical model and simulation results from FAST.
This comparison validates FAST’s results and demonstrates the effectiveness of tuning
the w-parameter in the HV-model to simulate specific 0? values. Noticeably, for higher
w-parameters, the datasets begin to diverge. This deviation may stem from stronger

high-altitude turbulence, where the analytical theory starts to lose accuracy.

Parameter Value
WES type Shack-Hartmann
WFEF'S pitch (cm) 5
WES noise 0
DM pitch (cm) 5
Loop rate (kHz) 1

Table 5.2: Simulated AO parameters.

The coupled flux, p, into a single-mode fibre in dB, scaled to the unaberrated case pq,

is presented. For more information, see Farley et al. (2022).

The parameters used in our communication system configuration are shown in table 5.1.
These parameters have been chosen to reflect existing communication systems (Perlot

et al., 2007; Montmerle-Bonnefois et al., 2019; Osborn et al., 2021). First, it is assumed

92



5.4. Free-space optical communications performance in an urban environment

that the communication downlink between a satellite and ground is at small zenith
angles. This is done to investigate how link performance evolves as optical turbulence
conditions change. Secondly, the effect on the coupled power of a downlink is examined
as the air mass increases with changes in satellite elevation during LEO transit, using
a specific set of atmospheric profiles considered representative of the entire night. It
should be noted that the purpose of this chapter is to present modelling capabilities

and exact system parameters are non-essential.

This work explores both tip/tilt-only and full wavefront correction. The specifications
of the AO used in this work are shown in table 5.2; a justification for these parameters
is provided in section 3.3.1. Note that due to the lack of wind profiles, an AO loop rate

was assumed such that the temporal error remains small.

5.4 Free-space optical communications performance in

an urban environment

The predicted performance of a downlink communication from a LEO satellite for each
30 seconds of turbulent data collected on the 20th of April is initially presented. Firstly,
the satellite is placed at zenith in order to replicate the best-case for the coupling
efficiency. Secondly, distributions have been built for predicted performance of a LEO
pass by varying zenith angle between 60° through zenith and back down to 60°. The
latter investigates the effect of increasing air mass on downlink performance. In both
cases, the effects of applying various AO configurations to the receiver to correct phase
are explored. All performance diagrams are presented as 2D-distributions built from

histograms from the output of each simulated atmospheric state.
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5.4.1. Predicted downlink performance (time-series)
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Figure 5.7: Statistical analysis of the coupled flux of a 1550 nm LEO downlink as a
time-series. The satellite is assumed to be at zenith. From top to bottom, the mean
performance, standard deviation, and 1st Percentile are shown. Each subfigure displays
the time-series data under different AO conditions, where circles, pluses, and crosses

represent no AQ, tip/tilt-only AO, and full AO, respectively.

5.4.1 Predicted downlink performance (time-series)

Figure 5.7 shows the predicted performance of a particular FSOC system operating on

the night of the 20th of April. The improvement in link performance is demonstrated

by simulating the same system without AO correction, with tip/tilt only AO and with

full AO, relative to the diffraction-limited case.
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5.4.1. Predicted downlink performance (time-series)

Figure 5.8: Histograms of the coupled power for all three AO configurations derived
using the best and worst case turbulence measurements (left and right, respectively).
(Purple) Without AO. (Pink) With tip/tilt correction only. (Orange) With full AO.

By comparing with figure 5.2, it can be seen that the mean coupled flux is correlated,
with a correlation coefficient of 0.995, with the strength of the ground layer turbu-
lence when there is no AO correction. This is a key determining factor for signal loss
from the night the data was measured. Both tip/tilt and full phase correction signi-
ficantly improve the coupling efficiency with a mean improvement of 9 dB and 11 dB,

respectively.

Full AO offers a relatively modest improvement to coupling compared to tip/tilt only
AO. Such improvements include a mean 2 dB increase in coupled power and an increase
in temporal stability. The variation in the coupled power, defined by the width of the
distribution, is now dependent on the atmospheric scintillation for both AO configura-
tions whereas without AO was dependent on the phase of the wavefront at the receiver
contributing to poor coupling efficiency. Table 5.3 shows the summary statistics from

predicted downlink performance for the 3 AO configurations.

From table 5.3, the 1st percentile shows that for a communication link expected to op-
erate with 99% uptime, using tip/tilt AO and full AO can result in FSOC performance

improvements of up to 11 dB and 25 dB, respectively. This addition means there is
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5.4.2. Predicted downlink performance (LEO transit)

Table 5.3: Summary statistics from predicted downlink performance using different AO
configurations.

AO configuration Mean Standard Deviation 1st Percentile

No AO -12.6 6.99 -32.8
Tip/tilt AO -3.57 3.40 -21.2
Full AO -0.981 1.58 -7.54

less dependence on weak turbulence conditions for a stable communication link.

Figure 5.8 shows histograms of the coupled flux from simulations under the best and
worst conditions observed during the campaign. The mean coupling efficiency fluctuates
by at most 9 dB throughout the night when no AO is used. In contrast, the fluctuations
are smaller with the use of tip/tilt AO and full AO, at 2 dB and 1 dB, respectively.
This leads to the conclusion that the implementation of either AO system is essential
to maintain a stable FSOC link under the varying turbulence conditions expected in

urban environments.

5.4.2 Predicted downlink performance (LEO transit)

The atmospheric parameters used here were averaged over an 8-minute period at 00:33
AM to represent the duration of a LEO transit. Equation 3.6 is used to scale rg values to
different zenith angles. This equation only remains true for weak fluctuations therefore

( is restricted to be less than 60° (Andrews et al., 1995).

Lower elevation angles result in stronger distortions as the light propagates through the
atmosphere. There are two main problems when considering propagation from satellite-
to-ground. At low elevations, the atmospheric turbulence that the light propagates
through is effectively thicker. This results in a smaller ry which can be mitigated with
AOQO. There is also a larger propagation distance through stronger atmospheric layers

meaning an increase in atmospheric scintillation, this cannot be corrected by AO alone.

Figure 5.9 shows that the uncorrected system exhibits a large variance in coupled power
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5.4.2. Predicted downlink performance (LEO transit)
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Figure 5.9: Intensity distributions for a downlink from a LEO satellite into a single
mode fibre at varying zenith angles. From top to bottom: the mean, the standard
deviation, and the 1st percentile. Each subfigure displays the data under different AO
conditions, where circles, pluses, and crosses represent no AQ, tip/tilt-only AO, and
full AO, respectively. The HV distribution was generated to replicate the turbulence
conditions observed at 00:33 AM (UTC). Negative zenith angle indicates a rising target.
Note the change in y-scale between sub-figures.

across all zenith angles, with the mean coupled power decreasing from —12 4 6.7 dB at
zenith to —15 4+ 7.0 dB at a zenith angle of 60°. Tip/tilt-only correction significantly
improves the system’s performance, increasing the mean by 9.2 dB at zenith and 8.7
dB at 60°. With tip/tilt-only correction, the coupling reduces from —2.9 + 1.6 dB at

zenith to —6.3 + 3.8 at 60°. As the zenith angle increases, the decreasing ry creates
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5.4.2. Predicted downlink performance (LEO transit)

Figure 5.10: Histograms of the coupled power from orbiting satellite for all three AO
configurations. The satellite is positioned at zenith and at 60° (left and right, respect-
ively). (Purple) Without AO. (Pink) With tip/tilt correction only. (Orange) With full
AO.

aberrations in the wavefront that cannot be corrected with tip/tilt correction alone.

In both AO configurations, the variance in the coupled power correlates with increasing
scintillation as the elevation decreases. Full AO provides significant improvements to
link stability at the largest zenith angles, increasing the mean by as much as 4.2 dB
compared to the tip/tilt-only system. However, the variance in coupled power increases
as the zenith angle increases, being 3.3 times larger at 60° compared to the zenith. At

these larger zenith angles, the system becomes scintillation-limited.

It can be concluded that for a system with this optical design to operate effectively
over a large range of elevations, the receiver should incorporate full AO to minimise
the impact of decreased 1o values at larger zenith angles. Histograms for targets at
zenith and at 60° are shown in figure 5.10, comparing the performance across each AO

configuration.

Table 5.4 compiles the statistics for each AO configuration for zenith angles of 0°
and 60°. By looking at the 1st percentile data for 60°, it can be seen that tip/tilt AO

provides a 13 dB improvement, while full AO offers a 27 dB improvement. Additionally,
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5.5. Conclusions

at 60°, full AO results in a 13 dB improvement over tip/tilt AO, compared to only a 5
dB improvement at zenith. This shows that full AO offers the largest communication

uptime, especially when regarding operations over increasing elevation angles.

Table 5.4: Statistics of the performance of a downlink during a LEO transit at 0° and
60° using different AO configurations.

AO Config. 0° 60°
Mean Std Dev 1st Percentile Mean Std Dev 1st Percentile
No AO -12.1 6.69 -30.4 -15.0 6.97 -34.4
Tip/tilt AO  -2.85 1.58 -7.58 -6.28 3.83 -20.1
Full AO -0.755 0.656 -2.40 -2.09 2.13 -7.30

5.5 Conclusions

In this study, atmospheric optical turbulence above London’s financial district was
measured over a 4-hour period. The local temperature and windspeed on the night
of the observations were typical for April. The Fried parameter, Rytov variance, and
scintillation index were presented with mean values of 4.5 cm, 0.2, and 0.08, respect-
ively. It is important to note that this experiment is intended as a demonstration, and

additional data is required for comprehensive statistical analysis.

Vertical turbulence distributions were developed based on the well-known HV model,
modified to match the measured scintillation and Fried parameter in the City of London
on the 20th of April 2022. These distributions were used to replicate realistic urban

turbulence conditions in simulation.

The modelling capability was demonstrated by predicting the performance of a LEO
satellite-to-ground optical communication link as expected on the night of the meas-
urements. This method of modelling the atmospheric channel has the potential to be
expanded to simulate uplink and communication links to satellites at different alti-
tudes. Assuming the best-case fibre-optic coupling where the satellite is at zenith, the

predicted performance was presented as a time series. Results showed a significant im-
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5.5. Conclusions

provement in both coupled flux and link stability with the addition of AO. Specifically,
full AO phase correction improved the mean coupled power by as much as 11.6 dB
compared to the uncorrected system, with a further reduction in standard deviation by
5.4 dB, indicating improved stability in the quality of the downlink. Full AO provided
a slight advantage of 2.8 dB in mean coupled power and a 0.9 dB reduction in vari-
ance compared to tip/tilt AO in this configuration. Through the additional analysis
of the 1st percentile, it can be determined that the uptime of a communication link is
improved by 25 dB with the addition of full AO, reducing the systems dependence on

weak turbulence conditions.

The predicted downlink performance from a LEO satellite as it transitions from 60°
up through zenith and back down to 60° was also presented. Simulations show that
in both the uncorrected and tip/tilt-only corrected, increased zenith angles reduced
the mean coupled power by as much as 3.9 dB and 3.4 dB, respectively. Conversely,
full AO provided a stable mean coupled power, showing a decrease of at most 1.3 dB
between zenith and lower elevation angles. In both AO cases, increasing zenith angles
exhibited an increased variance in the coupled power, an effect which can be attributed
to scintillation at lower elevations. These results also demonstrate that implementing
full AO provides a significant advantage in maintaining a downlink with a transiting
satellite, improving mean coupled power by up to 12.9 dB and reducing variance by 4.8
dB compared to the uncorrected system when communicating with an orbiting satellite.
Full AO also offers a notable advantage over tip/tilt-only AO at large elevation angles,
with a 4.2 dB improvement at 60°, as tip/tilt-only correction begins to fail under the
small rg values encountered at large zenith angles. It was also observed through the 1st
percentile that there is an increased communication uptime, by 27 dB, by using full AO
compared to without AO. Additionally, at 60°there is a 13 dB improvement between
tip/tilt AO and full AO, reiterating the need for full AO especially when considering

maximising downlink uptime over large zenith angles.
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CHAPTER O

Introducing TURBO: a 24-hour continuous turbulence

monitor in Barcelona, Spain

6.1 Introduction

Atmospheric optical turbulence serves as a key limiting factor in the performance of
FSOC systems. Therefore, it is important to understand the optical turbulence para-
meters at the location of an optical ground station (OGS). This information can be
obtained through the analysis of archival meteorological data and an assessment of the
local environment’s structure. However, to ensure accuracy, such models, as presen-
ted in Osborn and Sarazin (2018); Masciadri et al. (2017, 2023); Shikhovtsev et al.
(2023), require validation through real measurements. TURBO (TURBulence mOn-
itor) is a research initiative between the University of Durham, European Space Agency
(ESA) and Universitat Politéecnica de Catalunya (UPC) which aims to address these

challenges.

TURBO’s main function is to be the first turbulence monitor to take continuous optical
turbulence data in an urban environment. The instrument being used for this purpose
is referred to as TURBO1 and will be installed within a dome on a building at UPC.

TURBO1 will complement the array of atmospheric instruments stationed at UPC, in-
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6.2. Local weather analysis

cluding sun photometers and an aerosol LIDAR. These instruments will not only aid in
understanding how aerosols affect atmospheric turbulence but will also provide insights
into the optical transmission through the atmosphere, independent of turbulent effects.
The secondary function of TURBO is the design of a portable, smaller instrument re-
ferred to as TURBO2 which can be transported to multiple locations to verify forecasts

and provide valuable data for other potential OGS sites.

In this study, the outcomes of two commissioning campaigns are reported. During the
initial campaign, the focus was on setting up the instrument and addressing operational
challenges. Subsequently, the first day and night continuous measurement of vertical
optical turbulence in an urban environment was conducted. The results of this run are
discussed, along with some preliminary discussions on the performance of an optical
ground station under these turbulence conditions. Additionally, the secondary cam-
paign, where TURBO2 was commissioned, is discussed, along with the presentation of

the results of the comparison between the two instruments.

6.2 Local weather analysis

The weather analysis presented here has all been derived using archival data from
ECMWFs (European Centre for Medium-Range Weather Forecasts) ERA-5 dataset
(Munoz-Sabater et al., 2021). It provides global atmospheric reanalysis data covering
various meteorological variables, including temperature, wind speed, and humidity.
The ERA-5 dataset provides 1-hourly data with grid sizes of 31 km? and offers 30
vertical layers between 0 km to 20 km in altitude. This data can be used for site

characterisation, measurement validation and optical performance prediction.

Cloud cover is a primary contributor to signal loss and requires careful consideration
when considering the placement of an OGS. Barcelona lies in the northwest of Spain

along the Mediterranean coasts and as such has typically good weather conditions.
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6.3. First campaign

Figure 6.1: Fractional cloud coverage variation throughout the year 2023. Data is from
the ERA-5 dataset.

Figure 6.1 shows the fractional cloud coverage in Barcelona throughout 2023, averaged
over each month. The value 1 represents complete cloud coverage and 0 indicates clear
skies. The calculations for each timestep are based on the maximum coverage across
29 layers. Over the year the cloud coverage varies between 0.15 and 0.40 fractional
cloud coverage. The mean downtime of an optical system during this period will be

28% downtime due to cloud coverage alone.

It’s important to note that this data represents only one year of observation. With
the changing climate, future years may exhibit different patterns of cloud cover. Fur-
thermore, future research could utilise UPC’s vertical lidar to measure aerosol density,

which contributes to signal loss through scattering and absorption.

6.3 First campaign

This campaign took place in early November 2023. The key objectives for the first
campaign were to install TURBOI1, identify potential operational issues and run the

first continuous, day and night measurements in an urban environment.
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6.3.1. TURBOI1 installation

6.3.1 TURBOLI1 installation

TURBOL1 shares a similar design with SHIMMSs used in previous sections but with some
necessary changes. One key difference is its ability to operate continuously for 24 hours,
which requires addressing low signal-to-noise issues during daytime star observations.
To tackle this, the instrument now uses an infrared wavefront sensor the CRED3, which

helps in detecting stars more effectively in the infrared spectrum.

Additionally, the SHIMM body has been redesigned for long-term durability, which uses
an aluminium case which adds structure to the optics to prevent movement caused by
gravity as the telescope slews. The unit also is sealed to prevent any dust from entering
and to provide water resistance. Here the SHIMM is coupled to an 11-inch (28 cm)

diameter Celestron C11 telescope which was on a CGX mount.

For alignment of the optics, adjustments can be made to the Shack-Hartmann wavefront
sensors’ XY-position, the wavefront sensor can also be rotated to ensure the spot pattern
aligns square on the camera sensor, and the optical stage can be rotated to align parallel
with the camera. This process allows us to verify the expected size, shape, and focus

of the sub-apertures ensuring the accuracy of the pixel size.

It was observed that during night time, there was a reduction in signal in the camera.
This occurred due to the formation of dew on the telescope corrector plate, which was
also seen to form on the guide scope. Both are seen in figure 6.2. Dew forms on the
surfaces of the telescope when the local temperature drops below the dew point. To
address this issue in the future, a dew shield will be installed which works by keeping
warm air in front of the corrector plate, preventing condensation. However, in instances
of high humidity, condensation may pose a risk to TURBQO’s electrical components,

which will require the closure of the dome before this becomes a problem.

Figure 6.3 illustrates the installation of the SHIMM on the pier within the dome.

Mounting the telescope to a permanent pier, rather than using a tripod, offers several
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6.3.1. TURBOI installation

Figure 6.3: SHIMM installation onto the pier in the dome. Cable management of the
SHIMM in the dome. To prevent the optical tube from overheating and generating
additional turbulence, it was wrapped with silver tape over the original black paint.

advantages, providing increased stability, reducing vibrations, and ensuring a long-term

alignment of the telescope.

In future, TURBO will develop so it can find targets either remotely or autonomously.
The cables running to the SHIMM had to be arranged so that they would not snag and
were long enough to reach all telescope positions. Cable ties were used to join cables

running to the camera, guide scope camera and iris control. The telescope was then
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6.3.2. Experimental set up

Figure 6.4: Experimental set-up for 40-hour run.

manually moved to a maximum range of movement to verify a safe cable arrangement.

6.3.2 Experimental set up

The data presented here is taken on the rooftop of the same building, before installation
on the pier. Unsafe wind speeds meant that the dome was not safe for a complete
installation. Due to the lack of weather protection and reliance on early-stage software,
the SHIMM required continuous supervision throughout the 40-hour run, which was

unsustainable for longer periods.
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6.3.3. Results of 40-hours of continuous measurements

This experiment took place at the tail end of Storm Ciaran, a windstorm which severely
impacted central Europe, therefore the measured data may diverge from the typical

weather patterns observed in Barcelona during this season.

6.3.3 Results of 40-hours of continuous measurements

The results of the continuous measurements taken over 40 hours are presented. To the
best of current knowledge, this is the first continuous optical turbulence measurement
taken in an urban environment that includes both daytime and nighttime measure-
ments. The results and any anomalies found in the data are discussed. There are gaps
in the data partway through the second night of measurements, attributed to high
winds shaking the star out of the field of view. All measurements presented here are

scaled to both zenith and 500 nm wavelengths.

The wind speeds of the available atmospheric layers are presented in figure 6.5 for a
point of comparison to the observed turbulent conditions. Although the strong wind
layer observed at approximately 15 km aligns with the typical altitude range of jet
streams, confirmation of its classification as a jet stream is not possible due to insuffi-
cient data (Lutgens, 2013). Both high- and low-altitude wind speeds during the first
10 hours are significantly higher than at any other time during the experiment. Sub-
sequently, both high- and low-altitude wind speeds decrease, potentially corresponding

to the passing of Storm Ciaran.

Figure 6.6 plots the measured Fried parameter, rg throughout the run. The integ-
rated 7o, as shown here, is a measure of how aberrated the wavefront is as it reaches
the ground. The strength of this determines the extent of corrections required by an
adaptive optics system. Through the first 15 hours of the experiment, ry remained rel-
atively stable at around 5 cm, getting stronger in the daytime. This rg value is similar
to that measured in London, presented in chapter 5. This corresponds to the high wind

speeds at all altitudes shown in figure 6.5.
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6.3.3. Results of 40-hours of continuous measurements

Figure 6.5: Wind speed as a function of altitude and time. Data sourced from the
ERA-5 reanalysis dataset.

Between 12:00 and 18:00 each day, an increase in the rg value corresponding to a
decrease in turbulence strength is exhibited. This is believed to be an effect of diurnal
heating, as it occurs at the same time each day. This phenomenon is observed in each

dataset and will be discussed further below.

Figure 6.6: Measured rq, scaled to zenith and to a wavelength of 500 nm.

The measured Rytov variance (0'12%) is presented in figure 6.7. Over the first 17 hours,
the measured 012;5 lies around 0.8 and remains stable, this corresponds to the strong
high-altitude winds observed in figure 6.5. This strength corresponds to moderate to

high turbulence strengths. After 17:00, the 012% becomes weak, reaching a minimum at
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Figure 6.7: Measured o, scaled to zenith and to a wavelength of 500 nm.

19:00, which is the point of sunset. There is an increase in 0% throughout the night,
perhaps due to the convection caused by heat dissipation from the ground. Throughout
the second day of measurements, there is a reduction in O’?{ until 18:00, when it begins
to increase. The value of 012% seems to be independent of day or night time conditions.

The most observed changes are seen in the transition between night and day.

Figure 6.8 illustrates the measured isoplanatic angle, y. The trend of the isoplan-
atic angle closely mirrors that of 012[3, indicating stronger turbulence on the first day
compared to the second, with both days showing a reduction in turbulent strength at

18:00.

The value of the isoplanatic angle uplink is important for pre-compensation. When
communicating from the ground to a GEO-satellite, both the Earth and the satellite
spin by 4 arcseconds between the transmission and reception of data. Precompensating
the phase from the downlink onto the uplink can help mitigate turbulent effects. How-
ever, if the isoplanatic angle is significantly smaller than 4 arcseconds, the phase from
the downlink becomes uncorrelated for the uplink. This is the case for all 8y meas-
urements, indicating that precompensation may fail when using the downlink directly.
Alternative methods for obtaining the phase necessary for successful precompensation

could be explored, such as employing a laser guide star or numerically estimating the
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Figure 6.8: Measured 6y, scaled to zenith and to a wavelength of 500 nm.

phase.

The turbulent data measured in the preceding figures exhibits fluctuations over com-
parable time scales. For instance, during weak turbulent conditions, larger values of
ro are observed alongside smaller values of 012[3, while the opposite holds for strong

turbulent conditions.

In each dataset, it is observed that the optical turbulence became much weaker towards
18:00 of each day, as the sun began to set. This is some of the weakest observed
turbulence conditions throughout the run. This is a pattern that has been documented
and observed (see Good et al. (1988)) and is attributed to the lack of temperature

gradient between the boundary layer and the ground leading to reduced convection.

Table 6.1 summarises the statistics of these histograms, providing the mean, first quart-

ile (Q1), and third quartile (Q3) for each turbulent parameter.

Table 6.1: Summary statistics for turbulent parameters

Parameter Day Night
Mean Q1 Q3 Mean Q1 Q3
ro (cm) 5.6 39 7.0 6.6 52 7.7
ot 0.36 0.18 042 0.36 0.18 0.40
Oy (arcsec) 1.1  0.79 1.5 1.1 081 1.5
7o (ms) 3.2 1.8 4.0 3.9 1.8 5.9

110



6.3.4. Estimating FSOC performance using turbulence measurements

In summary, the measured turbulence conditions observed at UPC, Barcelona, exhibit
large temporal fluctuations. To a first degree, the strength of the turbulent effects
appears to correlate with the atmospheric wind speeds. However, changes in turbulence
strength over smaller time scales may require further observations, as there is limited
indication of the underlying factors driving these fluctuations. Furthermore, despite
this being the largest continuous dataset on urban atmospheric optical turbulence,
additional data is required before the behaviour of this turbulence can be understood

and the site satisfactorily characterised.

6.3.4 Estimating FSOC performance using turbulence measurements

The motivation behind the TURBO project is to understand the performance of an
optical system in an urban environment. Presented here are the results of simula-
tions aimed at estimating the performance of optical communication systems under the

measured conditions seen in section 6.3.3.

The TURBO analysis software can measure an estimation of the vertical profile of
optical turbulence strength using an autocorrelation between the intensities of the spots
in the wavefront sensor (Griffiths et al., 2023). These can be used in simulation to
estimate how a laser beam will propagate through specific turbulent conditions. A

Monte-Carlo approach can be used to achieve statistical information about this.

6.3.4.1 Investigating diurnal variations

If these measurements were taken at an astronomical site, one would expect night time
turbulence conditions to be noticeably weaker. However, the measurements indicate
that in an urban environment such as Barcelona, stronger turbulence can occur at night,
and weaker turbulence can occur during the day. Despite this, diurnal fluctuations are

still evident, such as a repeating pattern of turbulence progressively weakening after
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6.3.4.1. Investigating diurnal variations

Layer altitude (km) rp (m) at 500nm (¢ =0) 79 (m) at 1550nm ({ = 49°)

0 0.04 0.12
4 0.08 0.26
12 0.20 0.61
20 0.29 0.90

Table 6.2: Measured r values of the turbulent layer under worst conditions observed at
13:30 and corresponding 7 scaled for a GEO feeder link (wavelength: 1550 nm, zenith
angle: 49°).

Layer altitude (km) 7o (m) (500 nm, ¢ =0) 7o (m) at (1550 nm, ¢ = 49°)

0 0.17 0.52
4 0.30 0.93
12 0.38 1.2
20 * *

Table 6.3: Measured rg values of the turbulent layer under best conditions observed
at 18:20 and corresponding ry scaled for a GEO feeder link (wavelength: 1550 nm,
zenith angle: 49°). Where rg is denoted by a *, the value is too large that it cannot be
measured.

midday. In this section, the impact of these fluctuations on the performance of a

communication system will be examined.

Four-layer profiles of turbulence strengths from the best and worst conditions observed
in the first day of data, measured using the SHIMM, are presented in tables 6.2 and 6.3
as 1o values. These correspond to the midday and the transition period at dusk. Here,
the measured values are compared to the scaled parameters that correspond to the
turbulence strengths of an optical channel that would be used to communicate with a
GEO satellite. The zenith angle between a GEO satellite and an observer in Barcelona
will vary depending on the satellite’s position along the GEO belt. For a satellite that
is due south of an observer in Barcelona, it will be positioned at a zenith angle of 49°,

this value will be used throughout this section (Soler and Eisemann, 1994).

Figure 6.9 and 6.10 show single realisations of the intensity and phase profiles, re-
spectively, of a laser beam that has propagated through the strongest and weakest
turbulent profiles from day 1. These are to emulate a downlink in such conditions.

In the weakest case, the intensity fluctuations exhibit a smaller variance compared to
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6.3.4.1. Investigating diurnal variations

Figure 6.9: The simulated intensity of a plane wave propagating through phase screens
with C2dh strengths equivalent to the observed layers on the first day of measurements,
plotted on the same z-scale. Weak atmospheric turbulence conditions, simulated using
profiles observed at 18:20, are depicted on the left, while strong turbulence conditions,
simulated using profiles measured at 13:30, are shown on the right. The input g values
are scaled to 1550 nm, and a zenith angle of 49°. Propagation is performed at the same
wavelength, with the distances between profiles scaled to match this zenith angle.

the strongest cases, where there are very bright spots of intensity and very dim spots
within the structure. Additionally, in the weakest case, the phase structure (seen in
Figure 6.10) is relatively flat compared to the strongest case, where both high- and
low-order phase fluctuations are evident. This suggests that the optical link performs
worse under the strongest turbulence conditions. The measured profiles can also serve
as inputs for Monte-Carlo simulations, which will be used to explore and discuss the

differences between these two turbulent states in further detail below.

Figure 6.11 displays histograms generated from a Monte Carlo simulation representing
a downlink through the strong and weak turbulence profiles. Each simulation is iterated
over 1000 atmospheric realisations to reach statistical convergence. These simulations
were conducted using FAST, as discussed in Chapter 5. The output, Iq), represents the
received intensity normalized to the unaberrated case, with 0 indicating the intensity

received in the absence of turbulence. In the weaker case, significant improvements
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6.3.4.1. Investigating diurnal variations

Figure 6.10: The simulated phase profile corresponding to the beam in figure 6.9, with
the z-axis scaled to -m and +w. The discontinuities in the phase are due to phase
wrapping.

are observed with the inclusion of either tip/tilt only or full adaptive optics correction,
with 44% and 54% of the data achieving coupled intensity greater than -1 dB, respect-
ively. There is also only a small improvement in the use of full AO over tip/tilt-only
correction. The distributions for the strongest observed conditions are unsurprisingly
worse where even with AO correction, there are still signal losses. With full AO, the
system has a similar coupling distribution to the weakest conditions without AO. For
a communication system to compensate for this it will need to resend a missing signal
several times until it is detected. As explored in chapter 3, the effectiveness of an
optical link depends not only on atmospheric conditions but also on factors such as
receiver size, transmitting beam diameter, and AO system configurations (including
wavefront sensor type, sub-aperture size, wavefront sensor noise, loop time, etc.). A
few of these parameters will be explored in an attempt to optimise an FSOC system
for these conditions. In each case, the median coupled intensity relative to the unaber-
rated coupling and its variance shall be presented. In doing so, the signal degradation
from propagating effects alone can be studied and how they can be improved with

AOQO correction. The received power of a 1 W transmission in 1550 nm through each
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6.3.4.1. Investigating diurnal variations

Figure 6.11: Histograms of the predicted received intensity relative to the unaberrated
case, Iq; in downlink FSOC performance over a day. The system uses a 0.5 m diameter
circular receiver. (left) Weakest measurements turbulence. (right) Strongest measured
turbulence. The colours dark purple, purple and yellow correspond to no adaptive
optics, tip/tilt only correction and full adaptive optics correction.

configuration is also presented.

Receiver diameter (downlink)

With increased aperture area, there increases the probability of photon detection. How-
ever, measuring over a larger wavefront increases the effective turbulence strength
(D/rg) requiring more complex AO systems. Here, the effect of increasing aperture

size on the coupled intensity is explored.

In this simulation, noise is not included in the wavefront sensor camera, allowing the
assumption that the centroid of each sub-aperture on the wavefront sensor is measurable
regardless of scintillation. However, in reality, scintillation can cause variances across
the wavefront sensor, leading to instances where scintillation-induced nulls occur in
spot measurements. This reduces the system’s ability to accurately reconstruct the

wavefront.

Figure 6.12 shows the distributions of median Iy for downlink with different receiver
sizes. In the weakest observed conditions, the receiver diameters less than 0.2 m exhibit

the highest coupling efficiency in all configurations, with all median values nearing the
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/

Figure 6.12: Median Ig; for downlink using different receiver diameters, D. Using the
weakest measured turbulence condition and the strongest measured turbulence condi-
tions, left and right, respectively. The colours represent different correction methods:
blue for no AO, pink for tip/tilt-only correction, and green for full AO correction.

/

Figure 6.13: Variance in Ig; for figure 6.12 for downlink using different receiver diamet-
ers, D.

unaberrated case. The inclusion of AO only marginally improves the coupling of the
light, as the receiver aperture is smaller than the measured ry. By definition, in these
conditions where the receiver aperture is smaller than the measured rg, the spatial
phase variance is sufficiently small that corrective measures such as adaptive optics are

not necessary.
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6.3.4.1. Investigating diurnal variations

With increasing diameters, there is a reduction in the median Iy for all configurations.
The variance in Iy remains almost unchanged for receivers with AO mitigation, while
without AO, the variance in coupled intensity unsurprisingly worsens with increasing

diameter size.

Additionally, there is no observed increase in coupled intensity when full AO correction
is added compared to tip/tilt-only correction, indicating that the phase is primarily
comprised of low-order phase perturbations. The decrease in coupled intensity with
increasing diameter may be attributed to wavefront reconstruction errors due to a

reduction in wavefront sensor pixel size.

Similar trends are observed in stronger conditions, where increased diameter sizes re-
duce coupled intensity. The overall reduction in median Iy and increased variance com-
pared to the weakest case can be attributed to increased scintillation causing photon
losses. Full AO now offers improved coupled intensity over diameters of 0.3 m. The
variance in the uncorrected scheme decreases past ~0.3 m, possibly due to the av-
eraging of intensity variances across the aperture. However, variance increases with
larger diameters in both cases of AO correction, perhaps due to increased D /1 causing
speckling in the sub-apertures and thus reducing the effectiveness of finding the centre
spot of the focal plane. The most stable regime here is full AO correction, which offers

the highest I3 and the smallest variance.

Figure 6.14 shows the median signal losses due to propagating through the optical
configurations and turbulence conditions from figure 6.12. These are shown for clarity
as the parameter Iy reflects purely the atmospheric effect and not the true performance
of an optical system. It demonstrates that in the weakest turbulence regime, there is a
reduction in signal losses with increasing receiver size, with a ~15 dB increase between
a 10 cm and a 0.8 m receiver in all. Here the addition of full AO only offers an

improvement above 0.3 m receiver diameters.

Under stronger turbulence conditions, receivers larger than 0.3 meters benefit signific-
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6.3.4.1. Investigating diurnal variations

Figure 6.14: Median signal losses for varying receiver sizes at 1550 nm with fibre
coupling. The colours represent different correction methods: blue for no AO, pink for
tip/tilt-only correction, and green for full AO correction. The grey dashed line is the
free space path loss in the absence of turbulence.

antly from the implementation of full AO to mitigate signal losses. In these scenarios,
the difference between the unaberrated case and turbulent cases is pronounced, primar-
ily due to signal losses caused by scintillation, which cannot be alleviated by AO at the

receiver.

Figure 6.14 illustrates that in the strongest turbulence conditions, incorporating full AO
reduces losses for receivers with diameters greater than 0.3 meters. Additionally, full AO
enhances signal coupling by up to 5 dB compared to tip/tilt-only correction. Comparing
scenarios without AO to those with full AO reveals improvements across all receiver
diameters, with the largest receivers experiencing the most significant performance

boost, achieving a 10 dB increase.

Furthermore, it is evident that across all diameter sizes, the performance without
AQO correction in the weakest case outperforms the performance with full AO in the
strongest cases, highlighting the diverse range of conditions experienced at this partic-

ular location.

Beam waist (uplink)
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6.3.4.1. Investigating diurnal variations

The choice of the beam waist of the uplink laser involves consideration of beam dif-
fraction and interaction with turbulent layers, as well as power requirements and eye
safety. This study investigates how increasing the beam waist can alter the uplink’s
performance. Additionally, the inclusion of an LGS for uplink precompensation is con-
sidered. An LGS can be used to address the decorrelation between the downlink and

uplink wavefronts induced by the point ahead angle, which is discussed in section 3.3.

—

Figure 6.15: Median I of uplink as a function of initial beam waist, wg. The colours
blue, pink, green and yellow correspond to no AO, tip/tilt only correction, full AO
correction and LGS AO correction.

N/

Figure 6.16: Variance in Iq; for figure 6.15 for downlink using different beam waists,
wo.
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Figure 6.15 and 6.16 show the median I4; and variance in Iy, respectively, for varying
launch sizes. As seen in the previous section, in the weakest observed turbulence
conditions the performance of all 4 AO configurations works well. The uncorrected
beam coupling worsens with increased beam size as it interacts with more atmospheric

turbulence as it propagates, inducing increased beam wander.

For beam sizes less than 0.1 m, AO offers no improvement on the variance of the coupled
intensity. Beams of this size undergo significant diffraction, leading to a deviation in
the relationship between the phase of the beam and the phase of atmospheric turbu-
lence encountered during propagation. This diminishes the reciprocity between the two

phases, reducing the effectiveness of correction.

Here there are increasingly better system performances at larger wg with each AO
scheme. However, this fractional improvement does not seem enough to warrant the use
of an LGS AO system over tip/tilt-only correction. This agrees with prior simulations

in this regime.

For the strongest cases, there is a clear reduction in the median Iy with increasing
beam waists in all cases, with the best performance being the LGS precompensation
at a beam waist of 0.1 m. However, even with LGS AQO, the system is still unable
to reach the unaberrated case. Omne reason could be that without perfect wavefront
precompensation, wavefront residuals will generate increased beam wander and scin-
tillation after the interaction with turbulence. This explains the reduction in median
Iq1 and the increase in Ig; variance with an increase in beam size for AO and LGS AO

precompensation.

Figure 6.17 illustrates the median signal losses corresponding to the optical links shown
in figure 6.15 calculated using equation 2.1. In each configuration, optimal power trans-
mission is achieved with the largest wg and the implementation of LGS AQO. In the
weakest turbulence conditions, the addition of the LGS AO precompensation system

results in an improvement of up to 4 dB. Conversely, in the strongest turbulence con-

120



6.3.4.1. Investigating diurnal variations

Figure 6.17: Median signal losses for optical link with varying beam waists at 1550 nm.
The transmitted power is 1 W. The colours blue, pink, green and yellow correspond to
no AO, tip/tilt only correction, full AO correction and LGS AO correction. The grey
dashed line is the unaberrated case.

ditions, LGS AO precompensation provides a significant reduction in signal losses, up

to 14 dB, for a 0.3 m beam waist.

In summary, the significant variations in turbulence conditions throughout the day
must be carefully considered in the design of an adaptive optics system. For continuous
operation of this communication system, it is important that the adaptive optics system
can effectively operate in all encountered turbulent conditions. Constructing a single
adaptive optics system capable of addressing two distinct turbulent states requires
further studies into the optical design of the system and the form of AO. With the use
of TURBO1, continuous atmospheric optical turbulence data can be gathered to aid in

the optimisation of future optical ground stations.

In the case of non-continuous forms of FSOC, such as quantum key distribution, it
is possible to schedule the downlink of information to coincide with these transitional
periods when atmospheric turbulence is at its weakest. In such cases, as demonstrated
by the above simulations, there may not be a need to include full AO or, potentially,

any phase correction.
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Figure 6.18: Assembly of TURBO2.

6.4 Second campaign

The second campaign ran in mid-February 2024 and the main objectives were to fix
the key issues that were identified in the first campaign, assess the feasibility of an
autonomous system that could be operated remotely, and to assemble and perform

data assimilation using TURBO2.

The optical set-up for TURBO2 is identical to TURBO1 with the exception of the
telescope tube, which is 8 inches (20 cm) instead of 11 inches (27 cm). This is joined
to a CGXL mount, which is the same as TURBO1, but sits on a tripod instead of
a metal pier. Figure 6.18 shows the set-up used throughout the run, which lies just
outside of the dome of TURBO1. The dew shield is also used here, partly to allow
for improved balancing of the telescope as it is heavier towards the back. In poor
conditions, TURBO2 had to be powered down and a tarp was used to protect the

telescope from rain, wind, and humidity.

For typical SHIMM operation, there has to be autoguiding to maintain the spot pattern
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within the field of the wavefront sensor. This is due to the wavefront sensor camera
having a small field of view so that any improper tracking in the scope can cause
the spot pattern to drift. A guidescope is used to view the star over a larger field
of view which can allow the tracking back to centre. One cause of the drift that can
be encountered is inaccurate alignment, backlash in the gear system of the mount,
unbalanced mount and flex in the optical system of the telescope. Here the SHIMM
control software will operate in a closed-loop feedback system between the wavefront
sensor and the telescope, adjusting the right ascension and declination of the telescope

mount to maintain a well-centred spot pattern within the centroid.

If the target is lost for an extended period, for instance, due to cloud cover, reacquiring
it during the daytime without visual feedback can be challenging. This is especially
relevant for TURBO2, as it utilises a tripod, which is less stable than the pier used
for TURBOI1, and needs to be repositioned across different locations. To mitigate
this challenge, performing a complete alignment of TURBOZ2, including a two-star
alignment and full polar alignment, is essential. The need for precise alignment in
combination with high cloud coverage meant that no daytime measurements were taken

with TURBO2.

TURBO2 also experienced failures in relatively strong winds. Due to its lack of pro-
tection from a dome and its lighter weight compared to TURBO1, the wind caused the
centroids to shake off the wavefront sensor camera. If TURBO2 is expected to operate

in these conditions, a windshield can be used to prevent this.

6.4.1 Experimental results: Comparisons between TURBO1 and
TURBO2

Intermittently poor weather throughout the second run meant that continuous data
could not be gathered using both instruments. Presented here are four hours of con-

current data collected from TURBO1 and TURBOZ2, during which both observed the
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Figure 6.19: Comparisons between TURBO1 and TURBO2 measured ry. All measure-
ments are scaled to 500 nm and to zenith.

Figure 6.20: Comparisons between TURBO1 and TURBO2 measured 6. All measure-
ments are scaled to 500 nm and to zenith.

same star. The aim of this experiment is to understand how a decreased aperture size

may affect a SHIMM’s ability to perform turbulence measurements.

Figures 6.19, 6.20, 6.21, and 6.22 present the measured turbulence parameters from
both TURBO1 and TURBO2 throughout the night. O'% is now also presented as it is
a direct measurement of the intensity variance in the centroids. All data was collected
after sunset. At first glance, the measurements from both instruments exhibit good
agreement, showing similar temporal variations in the measured parameters. It is no-

ticeable that TURBO?2 has a higher number of data points with large errors, attributed
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Figure 6.21: Comparisons between TURBO1 and TURBO2 measured o%. All meas-
urements are scaled to 500 nm and to zenith.

Figure 6.22: Comparisons between TURBO1 and TURBO2 measured 7. All meas-
urements are scaled to 500 nm and to zenith.

to its susceptibility to wind shake.

Further comparisons between the datasets are shown in figure 6.23, whereby the meas-
ured data from each instrument is plotted against each other. There is, in general,
a good agreement between the measurements of TURBO1 and TURBO2. There are

some outliers in the data which may be due to reduced signal-to-noise or wind shake.

Visual analysis indicates that for all a% measurements, TURBO1 measurements are

slightly smaller than that of TURBO2. This is expected as TURBO2 has smaller
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Figure 6.23: TURBO1 and TURBO2 measurements are plotted against each other for
comparisons. The dashed line represents the relationship of Y=X. The linear fit to the
data and the Pearson correlation coefficient, r, are shown in the top left of each plot.

sub-apertures, leading to a reduction in aperture averaging and thus an increase in
intensity variances. Despite this, the two sets of data agree very well for two different

instruments.

There are multiple factors that can contribute to the slight differences between the
two datasets. Further data collection and analysis can help validate and improve the
performance of both systems. Measurements should be conducted in both day and night
turbulence regimes as TURBO2 is theorized to perform better in strong turbulence.
This is due to its smaller pixel scale and sub-apertures, leading to increased resolution
of the Shack-Hartmann spot positions and reduced speckling in stronger turbulent

regimes, respectively. Additionally, a smaller collecting area leads to a reduced signal-
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to-noise ratio. This reduction can potentially make it more challenging to locate targets

below a certain magnitude, thereby limiting the number of usable targets.

6.5 Conclusions

This chapter covers the commissioning of the optical turbulence monitors, TURBO1
and TURBO2. These state-of-the-art instruments are designed to provide continuous,
24-hour turbulence data to aid in characterizing atmospheric turbulence in Barcelona.
TURBO1 operates within a dome, with plans for automation to facilitate data collection
during clear sky conditions. TURBOZ2 is designed to be more portable, allowing it to
be transported to different locations for the characterization of various environments
and to serve as a tool for validating optical turbulence forecasts. Future campaigns
will focus on aiding TURBO1’s full automation and testing TURBO?2’s functionality

in both day and night conditions.

Furthermore, the first continuous day and night optical turbulence measurements taken
in an urban environment are presented. The data demonstrates that turbulence levels
can fluctuate over a wide range, such as ry evolving from 3 cm to 15 cm within a
span of 3 hours. Additionally, it was observed that turbulence strengths decrease
during the transition through sunset. Comparisons between the local weather data and
the observed turbulence parameters reveal that high wind speeds can generate strong

turbulence conditions.

Through the analysis of the continuous data, an evaluation of how an adaptive optics
system may perform throughout a day in the observed conditions is conducted. The
focus is on the degree of correction necessary for these conditions. It is observed that
at the weakest measurements, only tip/tilt-only phase correction is necessary on the
downlink for all receiver sizes up to 0.9 m. In the strongest conditions, full AO needs
to be implemented for optimal performance. Similarly, for uplink precompensation,

there is only a marginal improvement by implementing higher orders of AO correction.
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However, in the strongest conditions, the best performance is achieved with LGS AO

precompensation.

The second campaign where TURBO2 was first commissioned is also discussed. Data
was collected simultaneously from both instruments over the course of 4 hours, allowing
verification of the measurements of both instruments and the effect of an increased
aperture size. Both instruments agree well, with certain potential measurement biases
due to the smaller pixel size of TURBO2 and its smaller telescope diameter reducing

the aperture averaging. However, further work is needed to understand these biases.

Future work will use the continuous data from the measurements of TURBO1 and
TURBO2 to help perform site characterization. UPC’s vertical LIDAR can be used
in combination with the atmospheric optical measurements for a more comprehensive
understanding of the environment. This will enable the assessment of the feasibility of

establishing an optical ground station within Barcelona.
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CHAPTER 7

Conclusion

This thesis explores the significance of optical turbulence in free-space optical com-
munications, investigating some of the novel turbulent environments in which optical
communication links must operate, specifically urban landscapes and across all zenith

angles.

The results presented in this thesis can be used directly by researchers and engineers in
the field of free-space optical communications who aim to simulate satellite-to-ground
optical systems under relevant atmospheric conditions. Atmospheric turbulence is a
significant obstacle to the successful propagation of light from transmitter to receiver;
therefore, a comprehensive understanding of the optical channel is essential for accur-
ately estimating system performance and for the effective design of optical commu-
nication systems. The methodologies employed in this thesis to model and analyse
turbulence parameters can be further expanded to explore the full parameter space, al-
lowing for the optimisation of key system components such as the receiver, transmitter,

light source, modulation techniques, and turbulence mitigation strategies.

The initial study examines the impact of varying zenith angles on the integrated tur-
bulence parameters 0% and 79, addressing an important aspect of ground-to-satellite

optical communications. This is particularly relevant for communication links operat-
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ing across all zenith angles, such as those for LEO and GEO communication links at
high latitudes. This relationship has not yet been studied using concurrent instruments.
By employing two turbulence monitors, the study distinguishes between temporal vari-
ations and those caused by changing zenith angles. The experiment uses two identical
turbulence monitors to sample zenith angles from 10° to 90°, while concurrently col-

lecting data using a reference monitor positioned near zenith.

The findings indicate that the measured o7 and r( deviate from their respective models
only at large zenith angles. There is strong agreement with both weak and strong
fluctuation theories for O’% until zenith angles exceed approximately 80°. Beyond this
point, weak fluctuations increase asymptotically, and strong fluctuations saturate to 1
in all instances, both estimating a higher 0'% compared to observed values which reduce
to near 0.3. The study also finds that rg aligns well with theory up to a zenith angle
of approximately 70°. At larger zenith angles, both Kasten and Young’s theories and
secant scaling overestimate rg, tending to 0.9 cm, whereas true measurements tend to
near 2.5 cm, indicating weaker turbulence than these models predict. The discrepancy

is likely due to the omission of optical propagation effects from the theory.

The limitations of conducting this experiment in an astronomical environment are dis-
cussed, and it is suggested that if this experiment were replicated in an urban envir-
onment, the divergence between theory and measurements would occur much earlier,
as the strong turbulence regime will be entered at smaller zenith angles. Despite these
challenges, the presented theory can effectively calculate atmospheric turbulence para-
meters within this turbulent environment. Thus, a SHIMM can serve as a reliable
monitor at any astronomical site, allowing the extrapolation of measured turbulence

parameters to a zenith angle as low as approximately 70°.

The secondary study focuses on the behaviour of atmospheric optical turbulence in
an urban environment. Currently, optical turbulence measurements primarily target

astronomical sites with ideal turbulence conditions or study horizontal links in urban
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areas. As a result, there has been limited research on the vertical atmospheric pathway

of turbulence in built-up areas.

Atmospheric optical turbulence was measured over London’s financial district for a
4-hour period, marking the first measurements of optical turbulence in an urban envir-
onment. The Fried parameter, Rytov variance, and scintillation index were presented
with mean values of 4.5 cm, 0.2, and 0.08, respectively. Vertical turbulence distributions
were developed based on the well-known HV model, modified to match the measured 0%
and rg. These distributions were used to simulate realistic urban turbulence conditions.
The results of Monte Carlo simulations were presented to investigate the performance
of optical communication links throughout the measurement night, including best-case
scenarios of fibre coupling with the satellite at zenith and the predicted performance
as a time series. It was found that the addition of tip/tilt-only correction and full
AOQO offered an improved coupling of 8.86 dB and 11.6 dB, respectively, compared to
the uncorrected case. Additionally, it was observed that when communication links
are established at zenith angles of 60° or higher, full AO is recommended, as the tur-
bulence depths at these angles create aberrations that cannot be effectively mitigated
using tip/tilt-only corrections, with an improvement of 4.2 dB at 60° between the two

systems.

This study demonstrates optical turbulence measurements in an urban environment.
Using the SHIMM in the City of London provides a beginning to data assimilation
in urban environments, aiding the understanding of how these turbulent environments
behave. Although the dataset presented here is modest, it represents an initial step

towards comprehensive knowledge in this field.

Finally, the work covers the installation of a permanent instrument at Universitat
Politecnica de Catalunya, Barcelona, Spain. These two instruments will be used for
long-term data assimilation of the optical turbulence above Barcelona, data that is

invaluable to the full realisation of optical communication systems.
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This work presents 40 hours of continuous optical turbulence data, significantly ex-
panding upon a previous study conducted in London, marking the first collection of
day and night data in an urban setting. The study finds that turbulence data fluctuates
significantly throughout the day and can change from strong to weak turbulence within
a few hours. In summary, the mean values for rg, 012%, 0o, and 1y were 6.2 cm, 0.36, 1.1
arcsec, and 3.6 ms, respectively. A decrease in turbulence intensity was observed during
the transition through sunset. By comparing local weather data with observed turbu-
lence parameters, it was concluded that strong turbulence conditions may be induced

by high wind speeds.

The potential performance of a satellite-to-ground optical link in Barcelona was also
studied, focusing on determining the level of correction required for optimal perform-
ance in these conditions. At the weakest measurements, only a marginal improve-
ment was observed by implementing higher orders of AO correction. However, in the
strongest observed conditions, full AO should be implemented, with the best possible
performance being LGS-AO for precompensation on the uplink, offering at most a 15

dB improvement over the uncorrected case.

Further research will use ongoing data collection from TURBO to facilitate site charac-
terisation. Additionally, the integration of UPC’s vertical LIDAR data will complement
atmospheric optical measurements and improve the understanding of the environment.
This will provide a thorough assessment of the feasibility of establishing an optical

ground station in Barcelona.

This thesis culminates many atmospheric optical measurements in novel environments.
Through these experiments, the understanding of atmospheric optical turbulence has
advanced, from its effects on light propagation at different zenith angles to present the
first measurements in urban environments, laying the groundwork for future research

and data assimilation efforts.
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