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NOTES TO THE READER

This is a thesis report describing the research performed for the degree of Master of Science. As the student and daily
supervisors have the aspiration to publish the results of this study, the contents are structured in paper format. The results
which will be available to the public are gathered in the paper, while additional results and background information are gathered
in the appendices. If additional information is available for a part in the paper, then the appendix, wherein this can be found,
is referred to.

This research is part of the Scylight programme of the European Space Agency, which “supports the research, development
and evolution of optical communications — laser — technologies, and provides flight opportunities for their in-orbit verification”
[1]. Furthermore, the research is part of the Terabit Optical Communication Adaptive Terminal (TOmCAT) project within
TNO [2], which aimes to prove the concept of optical feeder links. These links require high data throughput. In the TOmCAT
project, the goal is to achieve uplink communications. The research topic has been requested by TNO as an addition to
their development of the Ground Terminal Breadboard (GTB) and Satellite Terminal Breadboard (STB). The STB has only
limited partial information of the received spot sent by the GTB. By researching the (almost) completely received spot, the
individual components contributing to the final received power and scintillation can be related to the results of the STB by
TNO. Furthermore, the empirical results can be compared to the used simulation software, which predicts the influence of
atmospheric turbulence on optical propagation.

The research performed is concerned with empirical verification. For completeness the test setup and instruments are
described. However, the design and setup of these instruments is not deemed part of the research performed. The research
questions and objective can be found in subsection A-D.
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Experimental Verification of Beam Wander, Beam
Spread and Scintillation 1in an Optical Laser Link
through a Turbulent Atmosphere
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Abstract

Laser satellite communications for ground-to-ground and ground-to-space links is influenced by atmospheric turbulence.
Typically, theoretical models are used to predict link performance and the influence of the atmosphere on variables such as
beam wander, spot size and scintillation at the receiver. These variables are used as input for system design. However, the
models, which predict the individual variables have not yet been empirically verified for their individual contributions. Therefore,
this paper focuses on retrieving the individual variables estimated by theoretical models from measurements representing these
variables. These measurements have been retrieved in a 10 km uplink path, ground-to-ground field test. In this test, the receiver
plane is imaged. The spot location and size and the longitudinal, radial and on-axis scintillation indices are estimated from
the measurements. Also, turbulence strength is measured along the path and are used as inputs for the theoretical models. For
weak turbulence conditions the theory and test results fall within the same order of magnitude. For all effects, except on-axis
scintillation, the values predicted by theory lie at a slightly higher value than retrieved with the field test for the weak turbulence
regime. For strong turbulence conditions the difference in results between theory and data grows, up to order one. To the authors’
knowledge, this is the first time the turbulence variables have been experimentally investigated in so much detail. It is clear from
the differences, that both the experimental setup and theory for horizontal ground-to-ground links need attention to close the gap
between them, especially for turbulence conditions outside the Rytov approximation range.

Keywords

Laser satellite communication, pre-correction, optical propagation, ground-to-ground, uplink, atmospheric turbulence, experi-
mental verification, beam wander, beam spread, spot size, scintillation.

I. INTRODUCTION

ATELLITE COMMUNICATIONS using radio frequency is reaching its limitations in terms of data rate and frequency

congestion [3]. A feasible option to provide higher data rates is by the use of laser communications [4]. Several parties
have set up programs to develop such new satellite communications systems, for example the European Space Agency [5] and
National Aeronautics and Space Administration [6].

The main challenges for space-to-ground, or ground-to-space laser communications are cloud coverage, atmospheric
turbulence and atmospheric absorption. Fortunately, optical communications systems can be designed to mitigate these
challenges, such as by implementing Adaptive Optics (AO). Furthermore, Poulenard 2014 [7] estimates availability using
geographic diversity to mitigate cloud cover.

Atmospheric turbulence causes beam wander, beam spread and scintillation, which disturb the optical communications link
[8], [9]. Furthermore, vibrations in the communications systems can induce additional beam jitter [10]-[12]. These effects
of atmospheric turbulence on laser links have been analytically described [9], [13]-[17]. These studies are used to develop
relations, which aid in the development of physical laser communications systems for either ground-to-ground or space-to-
ground/ground-to-space systems [18]-[20]. For ground-to-ground systems also building sway and thermal cycling of buildings
have been verified [21]. To mitigate the effect of turbulence in communications links Pointing, Acquisition and Tracking (PAT)
and Adaptive Optics systems have been developed [8], [22], [23].

To verify the theory as summarized in analytic equations [9], numerical propagation techniques [14], [16], [24]-[28] have
been used and experiments [29]-[40] have been performed. However, there used to be a mismatch between numerical and
analytical results, as the effect of beam wander on scintillation was underestimated [41], [42]. The question arises if the
assumptions on which updated models [14]-[16] are based represent reality accurately.

To the authors’ knowledge, in the existing body of literature the individual effect of turbulence towards beam wander
and beam spread have not been experimentally investigated. Concluding, there is a need for empirical research on relations,
which describe the influence of atmospheric turbulence on optical propagation to understand their accuracy and to aid in the
development of future optical communications systems. The contributions will be analyzed separately in order to incorporate
their individual effects in link budget calculations.

To experimentally verify the separate effects of turbulence, first, the theoretical models under consideration are presented
in section II. Secondly, in section III the experimental setup and data analysis are described. Next, the results are shown in
section IV, which are then discussed in section V. The paper is concluded in section VL.



II. ANALYTIC EQUATIONS ABOUT ATMOSPHERIC INFLUENCE ON OPTICAL PROPAGATION

A propagating beam through turbulence is distorted due to refractive index fluctuations, which cause phase changes in the
electromagnetic field. Moreover, irradiance fluctuations occur. Differences in refraction indices throughout the atmosphere due
to turbulence cause light passing through it to not follow a straight path. Over long distances these effects can enlarge, leading
to spatial incoherence of the wavefront, i.e. a perfect spot is distorted.

Several models have been collected, which will be used to compare to the empirical results to. The first is from Andrews
2005 [9], as it forms the basis of the models used in the industry. The second, third and fourth model are on horizontal links
[14]-[16], as a nearly-horizontal path is under consideration in this paper. The differences are small between the previously
mentioned models, but they are all included for completeness. The last model is from [17], which uses and adds small variations
to [9]. As the fitted results in [17] to a ground-to-GEO link match very closely, it is worth investigating how the theory matches
for a ground-to-ground link. Note that if models make use of the same equation, that equation is only presented once.

First, the turbulence model under consideration is discussed in subsection II-A. The effects described in this study are beam
wander (subsection II-B), beam spread (subsection II-C) and scintillation (subsection II-D).

A. Turbulence Model

To describe optical propagation through a turbulent atmosphere, the atmospheric turbulence can be modelled with the
refractive index structure parameter (C2). As this paper focuses on the comparison of theory and empirical results with a
ground-to-ground link test, the refractive index structure parameter profiles retrieved from the test are used, see subsection III-B.

Next to this, the turbulence strengths are split up in a weak turbulence and a moderate/strong turbulence regime, as most
models are only valid for weak turbulence conditions.

The border between these regimes is determined by the Rytov variance for a divergent Gaussian beam, see Equation 1 [9]:

5 1420 11
0% 2 3.860% { 0.40 [(1 +20)2 + 442" x cos | 2 tan~! ( —- _ sl (1)
6 2A 16
where o7 [—] is the Rytov variance for a divergent Gaussian beam, © [—] the beam curvature parameter of the beam at the
receiver and 0% [—| the Rytov variance for a plane wave, which is computed as [13]:
0% = 1.23C2E7/0 1Y/, 2)
where 0% [—] is the Rytov variance, k = 2m/L [rad/m] the scalar spatial wave number and L [m] the link length. Next to

this C2 [m~2/%] is the refractive index structure parameter, which gives an indication of the turbulence strength. Furthermore,
A [—] is the Fresnel ratio at the receiver [13]:

A= TER 3)

If the Rytov parameter is smaller than unity, the turbulence conditions are of the weak kind.

B. Beam Wander

Beam wander is large movement of the beam caused by turbulence cells which are larger than the beam diameter, see
Figure 1. These large cells refract the complete spot. Furthermore, turbulence cells close to the transmitter impact the beam
wander more than cells closer to the receiver, as an equal angular refraction at a further distance from the receiver plane leads
to more beam wander.

Turbulence cells Receiver

plane
Transmitter v

—

Fig. 1: Schematic representation of beam wander.

To combat this beam wander optical communications systems make use of tip/tilt correction [8], [22], [23]. If this tip/tilt
correction is utilized, the beam is said to be “tracked”. In the theory, it is assumed the tracking is perfect, such that the spot



does not move at the receiver. However, perfect tracking is difficult to achieve [14]. Therefore, as a comparison, the beam
wander equations for an untracked beam are used.

Beam wander can be expressed by two variables: “hot spot movement”, b., which is the movement of the brightest center
of the beam within the total spot and “centroid movement”, r., which is the combined result of generic wander of the whole
spot and the hot spot within. The hot spot movement is related to centroid movement by Equation 4 [16]:

(b2) = 0.56 (r2). 4)

As the methods described in section III compute the total spot movement including hot spot movement, the term “beam
wander” is used for centroid movement variance with the symbol < 72 >.

The references mentioned above contain three different beam wander models for an untracked Gaussian beam. These models
are only valid for weak turbulence conditions. The first is a model for a Gaussian beam in a slant path [9] see Equation 5:
1/6
1 K2(h)WE

0( ) 0 dh, (5)
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H
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where (r2) [m?] is the beam wander variance, H [m] the receiver altitude, ho [m] the transmitter altitude, ¢ [rad] the zenith
angle, Wy [m] the beam radius at the transmitter, ©¢ [n] the beam curvature parameter at the transmitter, o [m '] the outer
scale parameter, which is set at 0 to give a worst-case value, £ =1 — (h — ho)/(H — hg) and ©g =1 — O,.

The second model is from [14] and models a horizontal beam, see Equation 6:
24202 L3 Wy Y3,y (1 1;4; L ) L o<

EERR Il

- 8/3 ©)
0s4CREWT Y ()" o+ 45 (3 —0) +9 (£ 1) | £ >
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where ,F,(a;b; z) a hypergeometric function and Fy [m] the radius of the phase front at the transmitter.
The third model is presented in Equation 7 [17] and is the only one to model a collimated beam:

2 5/3
(r2) = 0.54(H — ho) sec(()? (2&)) (220) ()
where in this case the ro [m], which is the atmospheric coherence width (Fried parameter) is computed as [17]:
" -3/5
ro = [0.42 sec(¢)k? Cﬁ(h)@dh] : ®)
ho

C. Spot Size

Two variables are important regarding the spot size: the long-term and short-term spot size. The models for the long-term
spot size are collected in subsubsection II-C1 and for the short-term spot size in subsubsection II-C2.

1) Long-Term Spot Size: Under long exposure times, the imaged spot is widened and flattened due to beam wander. The
long-term spot radius is therefore a combination of the average instantaneous spot radius and beam wander.

There are four different equations used in the comparison. The first model for a Gaussian beam is taken from [9], see
Equation 9, which is valid for all turbulence conditions:

W\/1+(D0/T0)5/3, 0§D0/7’0<1
Wir = ©)

3/5 )
w {1 + (Do/To)S/ﬂ , 0< Dg/rog < oo

where W [m] is the long-term 1/e? spot radius, W [m)] the free-space 1/¢? spot radius and

D3 = 8W¢. (10)
W is computed via Equation 11 [9]:
W = Woyy/O3 + AZ, 1)
where Ay [—] is the Fresnel ratio at the receiver:
2L
A= —. 12

Next to this Equation 9 makes use of the Fried parameter, which in this case is computed with Equation 13.

ho

I -3/5
ro = l0.42sec(()k2 / Cﬁ(h)dh] : (13)



The second model is from [14] and models a horizontal beam, see Equation 14:
—1/2

27, 5/6
Wir =W |1+ 1.330% (k;WQ) , (14)
where W is computed as:
AT A
wem (-5) + () | 1

The third model is from [15], which also models a horizontal beam, see Equation 16:
3/5
W ~ W (1 n 1.3301%,/\5/6) . 0< 0% < oo (16)

where W is computed via Equation 15.
The last model comes from [17] and again is the only one to model a collimated beam, see Equation 17:

r W 5/373/5
Wir(L) =W 1+(2ﬁ~r°> ] , (17)
0
where
AL\ 2
_ 2
W(L) = | W¢ 1+(7TW02) ] (18)

2) Short-Term Spot Size: On the short term, the beam “breathes” [9]: there is a short-term cyclical beam spread, which
changes around a mean spot size, see Figure 2.

Turbulence cells Receiver
plane

Transmitter ( \O

Fig. 2: Schematic representation of beam spread.

In the models presented, the long-term and short-term spot size are related via the mean beam centroid movement, see
Figure 3. Thus, for all models the short-term spot size is computed via Equation 19:

Wsr =\ Wip = (r2), (19)

where Wsr [m] is the short-term 1/e? beam radius.
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Fig. 3: Schematic representation of long-term spot size.

D. Scintillation

Scintillation is caused by the spatial incoherence of the wavefront, leading to constructive and destructive interference of
light at an observer, see Figure 4. This effect is caused by small turbulence cells. Next to this, wandering of the beam leads
to additional irradiance fluctuations in the receiver plane [41], [42]. Mathematically, the scintillation index is defined as the
normalized variance of the intensity [13], see Equation 20:

(1%)

of = e b (20)

where 0% [—] is the scintillation index and I [W/m?] the received intensity.

Turbulence cells Receiver
plane

Transmitter

Fig. 4: Schematic representation of scintillation.

In this paper, three different scintillation variables are analyzed: longitudinal, radial and on-axis scintillation. These three
variables are chosen, as they contain intensity information of the instantaneous spot (longitudinal and radial) and of the
scintillation in the boresight (on-axis).

As, over time the full spot radius is captured in the field test, it is possible to analyze the scintillation across the spot.
Furthermore, the scintillation in the boresight is an important performance factor for a communications link using a small
receiver aperture. By using these three scintillation indices, the impact of scintillation across the instantaneous spot on the
scintillation in the on-axis point can be found. The exact definitions for the three locations used in this paper are as follows,
see Figure 5:

« Longitudinal point: the instantaneous spot center. The longitudinal point moves along with the spot as it wanders around

in the 2D image.

« Radial direction: a vector with its origin at the longitudinal point (spot center), which points outwards from the spot

center in the 2D plane.

o On-axis point: the point where the boresight of the ground station crosses the 2D image plane. This is the straight line

a laser would follow under the absence of turbulence. Thus, the on-axis point is fixed in the receiver aperture. Thus, the
link performance at the longitudinal point is influenced by beam wander and the quality of the received spot.



Radial direction

T~

On-axis point

Beam wander

Longitudinal point

Fig. 5: Schematic representation of longitudinal (blue) and on-axis (red) point, and radial direction (green arrows). Note that
the spot with longitudinal point and radial vectors wander in the imaged plane (magenta arrow).

Concluding, the longitudinal and on-axis scintillation index cover the scintillation of a single point, which moves along with
the spot (longitudinal) or is fixed in a certain location (on-axis). The radial scintillation index is a vector with its origin at the
longitudinal point and is computed as follows:

(I(r,0)?%)
(I(e, 1))

Note that, if the spot is tracked perfectly and thus eliminating all beam wander, the longitudinal and on-axis point overlap.
As mentioned before, this is practically unfeasible, which means the two points do not overlap. Moreover, this study focuses
on the individual effects contributing to the overall effect of turbulence on optical propagation. Thus, these terms are analyzed
separately.

1) Longitudinal Scintillation: The longitudinal scintillation is approximated by three unique equations. The first model for
a Gaussian beam comes from [9], see Equation 22:

or(r)? = 1)

0.4902 0.5102
Ui,l(L)tracked = €xp B 776 B 5/6 | 1,0 < og, < oo, (22)
(14 (1 +©)0.560,°) (1406905
where
0% = 8.70u3.,k™/% (H — ho)*® sec™/6(¢). (23)
in Equation 23 J%U [—] is the Rytov variance for a Gaussian uplink beam wave and
H
jisu = Re / C2(n) {€7/°IAE + (1 — O/ — Ao/} d. (24)
Jhg

’Re’ denotes in Equation 24 that only the real part of the equation is used. Equation 22-Equation 24 are valid for all
turbulence conditions. [17] uses the above model, but uses different equations for beam wander and spot size than [9].
The second model comes from [14] and models a horizontal beam, see Equation 25:

i 511 17 - ; 5 207,
02 (0pe70s L) ygeq = 3-860% Re [N%Fl <—6, < 6;(-)—}—2'/\)} — 26402050, Fy (-6;1; 5va0> . (25)

where © =1 — 0, 07 (0pe,7¢, L) g [—] the longitudinal scintillation for a tip/tilt pre-corrected beam and o 7 [—] the
tip/tilt pre-corrected pointing error variance, see Equation 26 [14]:

1/6
9 \1+0.5C2Wg/r2 ’

Pere = (G2 - TL]




where <r3> is computed with Equation 6 and T, [—] the two-axis Zernike tilt variance [43], [44] with:

A\ 2 W, 5/3
T2 =032 | —=— ) 27
= =03 (2%@) ( To ) @7

Furthermore, the Fried parameter is computed with Equation 28 [14]:

—3/5
b)

ro = (0.16C2k*L) (28)

which is valid for horizontal links.
Lastly, Equation 26 uses the scaling factor C,. [—]. [14] uses a value of C, = 1.57 for horizontal links, which is therefore
also used for this study.
The last model comes from [16], which also models a horizontal beam, see Equation 29:
5 11 17 -

0+ zA)] — 2.640%,A°/S, (29)
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2) Radial Scintillation: Four equations are used to compare the radial scintillation. The first is again from [9], see
Equation 30:

5/3 _ 7\ 2
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To

where 02(r, L)yacked [—] is scintillation index of a tracked beam, U(z) [—] a step function and «,. [rad] the angular distance

from the boresight:
r

Z?
where r [m] is the radial distance from the boresight. Furthermore, the beam wander (Equation 5) angular distance from the
boresight is defined as:

€2y

oy =

Viazy = Vel 32)

Lastly, in Equation 30 W is computed with Equation 11, rq with Equation 13 and U%l(L)tracked with Equation 22. [17] uses
the above model, but uses Equation 7 for beam wander, Equation 17 for spot size and for the Fried parameter Equation 8.
The second model with a horizontal beam is from [15], see Equation 33:

2
14 T
0—% (I‘, L)tracked = 4420—12%/\0/6 W2 + U%l(L)traCkedy (33)
ST
where Agr [—] is the short-term, or instantaneous, Fresnel ratio, see Equation 34:
2L
= — 34
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and (f% 1 (L)wrackea follows from Equation 22.
The third model is shown in Equation 35, which models a horizontal beam [16]:

2 2 2 5/6U (r B <T2>) (T (r?))
or (rv L)tracked = 0'[,[<L)tracked + 4-42URAST W2 5 (35)
ST
where U%[(L)tracked is computed with Equation 29.

As the radial scintillation in section III, is only computed within the short-term spot size, also for the models described
above, only radial values up to Wgr are included.

3) On-Axis Scintillation: For all radial scintillation models equations presented above, the scintillation at the boresight, or
on-axis position can be computed as well. Following the theory presented on the on-axis location, it is proposed to compute
the on-axis scintillation as follows:

U?,on—axis(L)traCked = O% ( <’I“(2:>, L) (36)
as the scintillation at the on axis point is equal to the radial scintillation at the radial distance equal to the beam centroid
displacement, see Figure 5. Note that Equation 36 assumes zero pointing error.

For more information on the literature study performed and the research questions following from it, see Appendix A. A
summary of the equations used in the comparison can be found in Table I.
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TABLE I: Summary of equations used in the comparison.

Effect Variable Model 1 [9] Model 2 [14] Model 3 [15] Model 4 [16] Model 5 [17]
(divergent beam, slant path) | (horizontal path) | (horizontal path) | (horizontal path) | (collimated beam, slant path)
Beam Wander <r§ Eq. 5 Eq. 6 Eq. 6 Eq. 6 Eq. 7
Long-term beam spread Wrr Eq. 9 Eq. 14 Eq. 16 Eq. 16 Eq. 17
Eq. 19 & Eq. 19 & Eq. 19 & Eq. 19 & Eq. 19 &
Short-term beam spread Wsr Eq.5 & Eq. 6 & Eq. 6 & Eq. 6 & Eq. 7 &
Eq. 9 Eq. 14 Eq. 16 Eq. 16 Eq. 17
Longitudinal scintillation 0% 0 Eq. 22 Eq. 25 Eq. 22 Eq. 29 Eq. 22
Radial scintillation o2, Eg: 20 & None Eq. 33 Eq. 35 Eg: 30 &
On-axis scintillation aioniams Eg 20 & None Eg 23 & Eg ZS & gg 30 &

III. METHODOLOGY

In this section the test setup used to experimentally verify the theoretic models is described (subsection III-A) along with
the data analysis performed (subsection III-B).

A. Test Setup

A schematic representation of the test setup is shown in Figure 6. The test setup is closely related to [45], see Figure 6.
A ~10 km ground-to-ground link is under consideration. The Ground Terminal Breadboard (GTB) is placed at the test site
near Cabauw. In the Gerbrandy Tower, at 226 m altitude the Beam Profiler (BP) is placed. A beacon is sent from the BP
to the GTB. The GTB measures the wavefront error and angle of arrival of the received beacon, as it has been disturbed by
the turbulent atmosphere. These measurements are used to pre-correct the tip/tilt of the uplink, Gaussian beam. The idea is
that the turbulent atmosphere distorts the uplink beam again, such that it arrives at the Beam Profiler, as it is pre-corrected
to account for the tip/tilt distortion. The transmit laser beam has a wavelength of 1553 nm and a divergence half-angle of 18
prad. Furthermore, four Turbulence Monitors (TMs) have been placed along the link, which measure the turbulence structure
parameter C2. Two are placed on top of the Gerbrandy tower platform and two are placed near the GTB. These turbulence
monitors are sonic anemometers, see Figure 7. Furthermore, all data of the GTB, BP and TMs is synchronized via satellite.
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Fig. 6: Schematic representation of the test setup [45].

The GTB, see Figure 8, contains an adaptive optics system. As the goal is to investigate the impact of turbulence on the
optical laser link, a continuous power of 0.2 W is used without any communications protocols enabled.

The BP consists of a 50 cm aperture Newtonian telescope, to which an infrared imager camera is attached, see Figure 9c.
The pupil plane is imaged, which produces an intensity profile of the beam at 10 km from the transmitter. This information
is used to compare the data to the parameters as presented in section II. The image detector (Xenics Cheetah 800 Hz) has a
frame rate of 800 Hz and a used image size of 512x512 pixels. Furthermore, a laser beacon is placed on the front, which is
aligned with the boresight of the telescope. An image of the setup in the Gerbrandy tower is shown in Figure 9a. An image
of the beacon assembly attached to the BP is shown in Figure 9b.



Fig. 7: Turbulence monitor placed on top of crane with sonic anemometer on the left side of the T-post.

Fig. 8: Ground Terminal Breadboard at the test site.

A frame of one of the measurements is shown in Figure 10. The spot is clearly visible in the top left area. In the center the
secondary mirror with the beacon on top are visible. The beacon is placed on top, as that position allows for alignment with
the line of sight of the telescope. Lastly, the spider strut holding the secondary mirror in place is visible.

Next to this, there are diffraction patterns visible in the image, indicating a slight defocus. The defocus has been found to
be to 32 m, and thus the link in the analysis has been adjusted by this distance. m

The BP recorded measurements spanning ~2 s. The test ran from 29/07/2022 until 01/08/2022. In total 1651 measurements
are used in the analysis. For more information on the test setup refer to Appendix C.

B. Data Analysis

The goal of the data analysis is to find experimental values for the variables described by the theory in section II. The most
important components of the data analysis are presented below.

1) Turbulence Profile: The data of the turbulence monitors is processed to retrieve C?L values, which in term are used to
create a turbulence profile for the link. The used data consists of a time stamp, a C’,% value and wind direction. The latter two
are computed from raw averaged data over a one minute interval [46]. This has been done to eliminate any outliers and to
provide a more consistent profile, while at the same time allowing for temporal variations.



4 500 mm

(c) Optical layout of the Telescope and Imager subsystem of the Beam Profiler: TL - telescope, M1 - primary mirror, FM2 - secondary
mirror, FS - focal stop, L1 - lens, BPF - bandpass filter, NDF - neutral density filter, C - camera/imager.

Fig. 9: The Beam Profiler.

The link is split up in intervals, for which a C? value is computed, see Figure 11. Linear interpolation between the retrieved
TM C?2 values is used for the path TM 2-TM 3 and TM 3-TM 1/TM 4, while a constant value is used for the path TM
2-ground, as there is too little information available to measure the Cﬁ values in between the measurement locations.

To avoid wind shadowing of the tower mast, TM1 and TM4 were mounted with a 90°offset. To select the correct turbulence
monitor for turbulence profile creation, the wind direction of TM3 is used to roughly indicate the wind direction at the tower
during the measurement period. This way the TM data influenced least by the tower structure can be used for each respective
measurement.

To plot the turbulence effects, such as beam wander variance against the turbulence conditions, a single value must be used
for a measured turbulence profile. The median of the C2 values in each interpolated profile is used to achieve a more consistent
variance in turbulence values, which are influenced less by the individual measurement points along the link.

These turbulence profiles are also used as input for the theory presented in section II.

2) Mask: To analyze the image only those parts are included, which receive light. Due to beam jitter the image moves
slightly along the 512x512 image grid. Thus, the mask is slightly larger than the instantaneous obscuration and smaller than
the total aperture. This way, the mask excludes any jittering of the image. The resulting mask is shown in Figure 12, where
the white part is included and all other pixels are excluded from the analysis.

3) Beam Wander: The longitudinal position of the beam (beam center) is determined via a center of gravity computation
of the intensity. The equation used for this is Equation 37:

[0 S I y)adady

37
> I(z,y)dady &7

1_::

where T [m] is the horizontal spot center location. The vertical spot center location (§) is determined analogously, but for y.



Fig. 10: A snapshot of a measurement with the spot, spider strut, secondary mirror and beacon on top of the secondary mirror
visible.
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Fig. 11: C? profile for a measurement, created from Turbulence Monitor data. The C? values at the red points are measured
by the Turbulence Monitors, while the dashed line consists of interpolated values.

The beam wander variance is computed relative to the average hot spot position of a respective measurement to retrieve
<rf> Note that the value retrieved for the beam wander also includes a system and beam jitter component.
4) Spot Size: The instantaneous spot size is determined with the second-moment width (D40), as in the past it has been

found to be a robust way of retrieving a spot size under influence of scintillation [40]. This spot diameter for the horizontal
direction is computed as in Equation 38 [47].

S5 S5 I, y) (@ — 7)*dady
J20 2o I, y)dady
where D4o, [m] is the second-moment width. The vertical spot size (D40,) is determined analogously. Therefore, this method
allows for analyzing elliptically-shaped beams in horizontal and vertical direction. Though, to compare the results to the theory

in section II, which assumes perfectly circular Gaussian beams, the mean of the mean horizontal and vertical spot size is used.
The result is converted into the more commonly used 1/e? spot radius via Equation 39:

2D4
w= %, (39)

where w [m] is the 1/e? radius. For the derivation of this conversion refer to Appendix D-E.

Dido, = 4o = 4 (38)



Fig. 12: Mask (white) overlaid on colored data.

The long-term spot size is computed following the definition of Equation 19. Note that in the theoretical models the long-
term spot size and beam wander are computed to arrive at the short-term spot size (Equation 19). In the data analysis, the
short-term spot size and beam wander are computed to arrive at the long-term spot size.

5) Obscuration & Clipping: As the secondary mirror and laser beacon partially obscure the beam, while the telescope
aperture can clip the spot, Equation 37 and Equation 38 lead to inaccuracies. As all other performance parameters retrieved in
the data analysis are dependent on the spot location, it is of paramount importance to improve the accuracy of the center of
gravity computation.

The proposed solution is to make use of a lookup table (LUT), which relates the clipped and obscured data computed to an
unbound, simulated image. The LUT is based on the use of a Gaussian spot, of which the size and location are known.

The conversion works as follows: first an imaged spot is simulated using the Gaussian intensity equation. The mask is used
to compute the obscured and clipped result with Equation 37 and Equation 38, which leads to the link between an unbound
spot and a masked one. In the data analysis this conversion is reversed to reduce the effect of clipping and obscuration.

The grid on which the spots are simulated is larger than the Beam Profiler image grid (512x512 pixels) to allow for wander
of the imaged spot outside of the standard grid. The configuration of the simulated spots are summarized in a three-dimensional
array (n x n x m) of which all combinations are used as LUT entries, see Table II:

TABLE II: Settings used for the creation of the lookup table

# Entries | Range
# Spots x 88 1-768 pix
# Spots y 88 1-768 pix
Spot size x | 4 23.75-48.75 cm
Spot sizey | 4 23.75-48.75 cm

The LUT is interpolated using Delaunay triangulation. The equations used to create (elliptical) Gaussian beams are presented
in Appendix D-F1.

This method has been verified for a Gaussian spot. The LUT can predict the size and location of a perfect Gaussian spot
for its full working range within 0.004 m and 0.002 m accuracy, respectively. Note that the LUT can only use the intensity
values available. Any obscured or clipped hot spot cannot be used in the analysis. If input values lie outside the LUT, it is not
included in the analysis. The total amount of excluded frames in the data analysis lies at 4.6%. The verification can be found
in Appendix D-F2.

Examples of the retrieved LUT results are shown in Figure 13. Looking at the test data reveals that above a C?2 value of
5E-15 m™?? the beam starts to break up significantly, see Figure 13d. Therefore, the LUT analysis is only performed for C2 <
SE-15 m™?3, see Figure 13c.

6) Scintillation: The scintillation analysis is executed after the lookup table has estimated the spot size and location. It uses
the spot location and size resulting from the LUT.

For the longitudinal scintillation analysis, the intensity values of the spot center location are collected. Then, for a complete
measurement, the longitudinal scintillation index is computed via Equation 20.

For the on-axis scintillation a static point is used. The on-axis location has been found by computing the average hot spot
location for the 100 measurements with the lowest median C?2 value. A mask with a diameter of 1.1 cm is used to gather the



(@) C? ~ 7.5e= 16 m~=2/3, (b) C2 =~ 1.0e~ 15 m=2/3,

(c) C? ~ 5.0e7*° m~2/3, (d) C2 ~ 1.0e~"* m~2/3 (excluded).

Fig. 13: Still frames of data with estimated spot size (blue ellipse) and spot center (blue dot) by the lookup table.

intensity per frame, which simulates a satellite receiver, see Figure 5. Again the gathered intensity values are used to compute
the on-axis scintillation via Equation 20.

As the radial intensity is a vector along radial direction, the scintillation is computed using the intensity values of the
instantaneous spots in radial direction. In the theoretical models the radial scintillation vector is equal for all rotational angles
in the spot. However, in practice this is not the case and thus multiple vectors are used: a vector in positive and negative
horizontal and vertical direction, which match the axes of the spots used in the lookup table. These orientation vectors have
the longitudinal point as origin and follow the reference frame of the wandering spot.

Note that the orientation of the vectors is chosen such, because the horizontal wind direction in the field test, cause the spot
to change shape in vertical and horizontal direction. By aligning the vectors with the changing shape of the measured spot,
the accuracy is improved.

The scintillation index is then computed for each vector. To present the radial scintillation index for varying turbulence
strength, the median value of the 4 vectors is used, which filters out any erratic scintillation values at the fringes of the spot.

IV. RESULTS

For the comparison, the GTB beam parameters and the measured turbulence profiles are used as input for the theoretical
models. The models are split up in two parts. For one part, the models are completely valid for the turbulence conditions along
the path. For the other part, the models are invalid for all turbulence conditions along the path. The latter are presented as
lines with a low opacity. Turbulence conditions where the models are only partially valid are not included, as it reduced the
clarity of the figures.

As various turbulence profiles can have equal median C2 values, a spread occurs for the theoretical models for slanted paths
which are not valid outside the weak turbulence regime. Therefore, the median results for the models is used in the comparison
to indicate the general trend of the model outside their validity range.



A. Beam Wander

The analyzed beam displacement for a measurement is shown in Figure 14. As can be seen the beam displacement follows
a Gaussian distribution as is expected from theory [9]. Together with the performance shown in Figure 13, this reassures the
accuracy of the lookup table when used for a spot under the influence of scintillation.
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Fig. 14: Beam displacement histogram for a measurement (C2 ~ 1.2¢~ 1% m=2/3).

The results for the beam wander variance are shown in Figure 15. Note that the theoretic models show the results for an
untracked beam. The test results are for a tip/tilt pre-corrected beam, but also include a system and beam jitter component.
Thus, the actual beam wander encountered in the field test lies lower than presented here.

As can be seen, the beam wander variance in the test is lower than the theoretical models, showing the effectiveness of the
tip/tilt pre-correction. The average beam centroid movement over the 10 km test path equals ~ 4 cm. The empirical beam
wander variance does also not increase much for increasing turbulence strength. The low slope may indicate that the measured
beam movement is mainly a result of jitter and not atmospheric induced turbulence. Next to this, it can be seen that the
validity range of the models is limited with respect to the measured turbulence conditions, especially as the empirical results
in Figure 15 are only included for C? < 5E-15 m™23.
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Fig. 15: Empirical beam wander variance results along with theoretical models for an untracked beam. The faded lines are for
those parts of models not valid outside the Rytov approximation range.

B. Spot Size

1) Long-Term Spot Size: The long-term spot size results are shown in Figure 16. As can be seen the theoretical results for an
untracked beam predict an increase in the long-term spot radius. However, as the beam is tracked, see Figure 15, the empirical



long-term spot size does not increase much with turbulence strength. The difference between the empirical and theoretical
results grows to a factor 2.5 for strong turbulence conditions.
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Fig. 16: Empirical long-term spot size results along with theoretical models for an untracked beam. The faded lines are for
those parts of models not valid outside the Rytov approximation range.

2) Short-Term Spot Size: The histogram of the measured instantaneous spot size is shown in Figure 17. The beam breathing
can be seen in its Gaussian distribution. Furthermore, for this measurement the mean spot size lies slightly below the expected
free-space spot size W. However, the difference is not of a significant amount (1.2%).

150 T T T T T T T T T
1 —
I -_ - < W >
I 0 =0.014m
i L
—_ 100 o g
> e
c
) | M
= ||
@ 1 -
w |
50 .
|
1
|
|
o Il 1 1 Il I =
0.13 0.14 0.15 0.6 0.17 0.18 0.19 0.2 0.21
WS'[ [m]

Fig. 17: Spot size histogram for a measurement (C2 ~ 1.2¢~° m=2/3),

The short-term spot size results are compared to the theory for an untracked beam in Figure 18. In this figure also the
free-space spot size is plotted. Both empirical and theoretical results lie close in magnitude. As can be seen the spot size in the
test does not significantly change for increasing turbulence strengths up to C2 =2E-15 m™?3. It even decreases for part of the
turbulence regime, even if it is not of a significant amount (2.5%). This might be the result of minor inaccuracies in the test
setup and data analysis. However, it has been verified by inspecting of the individual measurements that the spot size indeed
does not grow for stronger turbulence conditions up to C2 =2E-15 m™?, even though some theory predicts this. This can
also be seen in Figure 13. Furthermore, the spot is sufficiently captured in the measurements to be analyzed by the methods
in section III. For C2 values above 2E-15 m™?3, the spot size does start to increase. Thus, the mean spot size retrieved in the
field test starts to significantly increase in radius at higher C2 values compared to the theoretical results.

For C2 values above SE-15 m™? the spot breaks up. However, this cannot be accurately analyzed with methods used in the
analysis, as the LUT method assumes a Gaussian spot without break up. Therefore, those measurements are not included in
the analysis.



Next to this, the short-term spot size is on average equal to the free-space spot size for the lowest turbulence conditions. As

this outcome matches expectations, it additionally verifies the accuracy of the data analysis for weak turbulence conditions.
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Fig. 18: Empirical short-term spot size results along with theoretical models. The faded lines are for those parts of models not
valid outside the Rytov approximation range.

C. Scintillation

1) Longitudinal Scintillation: The longitudinal scintillation index results are shown in Figure 19. As can be seen, all
theoretical models predict the same results. The empirical and theoretical results lie close for weak turbulence conditions,
within a factor 1.5 difference. For strong turbulence conditions the test results do not increase as much for increasing turbulence
strengths as the theory predicts. For strong turbulence conditions the difference between theoretical and empirical results grows
up to a factor 4.
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Fig. 19: Empirical longitudinal scintillation results along with theoretical models. The faded lines are for those parts of models
not valid outside the Rytov approximation range.

2) Radial Scintillation: The radial scintillation results across the spot for a measurement are shown in Figure 20. Note that,
the horizontal axis is not symmetrical as the on-axis location is not centered in the image. As can be seen, the scintillation in
the spot center is lower for the empirical results. The theoretical models are for a perfectly tracked beam, while this cannot be
achieved in reality. Still, the empirical results are of a smaller magnitude than the theoretical models predict. This is especially
true for moderate/strong turbulence conditions.

Furthermore, the bucket shape predicted by Equation 30 and Equation 33 can also be seen in the empirical data. Next to
this, the width of the bathtub shape of theoretical and empirical results is comparable. In the empirical results the scintillation
index increases at a faster rate with radial distance than the results of theoretical models.
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Fig. 20: Radial scintillation results in the imaged pupil plane for a measurement (C? ~ 1.2¢~1% m~2/3),

Figure 21 shows the median radial scintillation results for theoretical models and the field test. As can be seen the theoretical
models can differ a factor ~2.5, with respect to each other. Especially, Equation 35 matches closely with the empirical results,

as they lie within a factor 1.5 difference.
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Fig. 21: Empirical radial scintillation results along with theoretical models. The faded lines are for those parts of models not
valid outside the Rytov approximation range.

3) On-Axis Scintillation: The received on-axis power histogram for a measurement is shown in Figure 22. The variation in
received power is a result of beam wander (Figure 14), changing spot size (Figure 17) and scintillation.

The on-axis scintillation results are shown in Figure 23. The theoretical results of Equation 30 are equal to its longitudinal
results of Equation 22 shown in Figure 19, as its step function is not included in the results due to the definition of the on-axis
scintillation index, see Equation 36.

As can be seen, for weak turbulence conditions the theory and empirical results are in the same range. For moderate/strong
turbulence conditions, the on-axis scintillation index is smaller than predicted by theory, but still lies close to the the theoretical
results. The maximum difference lies within a factor 2.5. Therefore, the results between theory and field test lie closest for
the on-axis scintillation index over the full analyzed turbulence conditions range.
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Fig. 23: Empirical on-axis scintillation results along with theoretical models. The faded lines are for those parts of models not
valid outside the Rytov approximation range.

V. DISCUSSION

In [9], [14]-[16], simulations are presented to verify the theory presented in section II under weak turbulence conditions.
As can be seen in section IV, the theoretical and empirical results match closely for this turbulence regime. The results in
section IV show an increasing deviation between the theoretical and empirical results for increasing turbulence strengths, while
most measurements fall in this turbulence strength regime.

A note to address is the representation of the results. The results contain measurements which have been recorded for all
times of day. As the turbulence profile structure differs significantly between day and night time, this is also found back in
the results. The upper limit of the empirical results consists mainly of measurements recorded during the day, while the lower
limit consists mostly of night time measurements. As the theory does not differentiate between time of day, this has also not
been implemented in the comparison here.

Next to this, two other factors influence the results. Firstly, the wind speed plays a role: Higher wind speeds result in
speckles drifting through the laser link quicker, which leads to a higher scintillation index, as the measurement time is only
two seconds. Secondly, as the test has a nearly horizontal path, the wind direction is of influence: If the wind is aligned with
the link, the speckles seem to be stagnant in the image, as they drift along the path. This leads to a low scintillation index. If
the wind blows orthogonal to the link, the speckles drift through the link and thus the scintillation index is higher than for a
parallel wind direction. Again, as the theory does not implement these terms, they are also omitted in the comparison.



The difference between results for theory and field test can also be partially the result of the way the C? profiles have been
created. The turbulence strength has been measured on three points along the link. Between these three points the C2 will
have deviated from the linearly interpolated values used for the theory. Furthermore, the results of the turbulence monitors
placed on the Gerbrandy tower have been influenced by the tower’s structure.

Next to this, the limited aperture and the obscuration of the Beam Profiler limit the accuracy of the data analysis. The
instantaneous spot intensity profiles are incomplete as a result of these effects. The location and size of the spot are estimated
with the LUT, but the loss of information of the intensity values cannot be retrieved. Furthermore, the LUT is based on a
perfect Gaussian spot, while in reality scintillation is present. The hot spots caused by scintillation reduce the accuracy of the
spot location and size estimation.

To the authors’ knowledge, in the existing body of literature the individual effect of turbulence towards beam wander and
beam spread have not been experimentally compared to theoretical results. However, there is literature on empirical verification
of the on-axis scintillation index available. Firstly, [29] measures a higher on-axis scintillation index for its 600 m link than
retrieved on this test. However, the transmitter in [29] does not pre-correct the beam while at the same time utilizing a small
beam diameter, which generally leads to higher scintillation index [16]. Secondly, Dunphy 1973 [30] measures a scintillation
index in the same order as retrieved in this paper. The results in [30] are for a highly divergent beam over a 6 km path, resulting
in a received spot multiple times larger than the expected beam wander. This means, that the measured scintillation index for
the untracked beam in [30] is comparable to the longitudinal/on-axis scintillation index for a tracked beam in this paper. As
the radial scintillation index close to the spot center is close in value to the longitudinal scintillation index (Figure 20), the
similarities between the measurements in [30] and this paper are expected. Lastly, in some papers the theoretical results are
fitted to the measured scintillation index and received power in [39] and [17], respectively. Those fitted results show that the
theory can be effective for weak turbulence conditions, which is a crucial step. The results in this paper show that there is
solid ground to accept the theory to be effective for predicting the effects under consideration for weak turbulence conditions.

VI. CONCLUSION

An experiment has been carried out to retrieve values of the individual effects atmospheric turbulence has on an optical
link. The effects under consideration are: beam wander, beam spread and scintillation. By retrieving these values, the accuracy
of the relations, which describe the influence of atmospheric turbulence on optical propagation, can be verified. This way this
research also aids in the development of future optical communications systems.

In the field test the spot of a 10 km, tip/tilt pre-corrected, uplink beam is captured by a 0.5 m aperture Newtonian telescope
at 800 Hz. Furthermore, the turbulence conditions are logged simultaneously. The spot locations and sizes are retrieved by a
center of gravity of the intensity and second-moment width, respectively. Unfortunately, the measurements are influenced by
an obscuration and limited aperture size. However, by utilizing a lookup table the influence is reduced.

By using the measured turbulence profiles and settings of the Ground Terminal Breadboard, the theoretical results have been
retrieved for similar conditions as encountered during the field test. The empirical results have been compared to the theoretical
results.

The beam wander in the field test is shown to be reduced significantly by tip/tilt pre-correction with respect to the theory
for an untracked beam. Even though the measured tracked beam wander variance also contains a system and beam jitter
component, it still at minimum a factor two smaller than the theoretical results for an untracked beam.

While the theoretical short-spot size increases in radius for increasing turbulence strength already in the low turbulence
regime, the short-term spot size retrieved in the test only significantly increases in radius in the moderate-to-strong turbulence
regime. Up until that point the empirical short-term spot size is equal to the free-space spot size. The long-term spot size follows
the results of the short-term spot size. Thus, the empirical and theoretical results lie close for weak turbulence conditions, but
differ significantly for strong turbulence conditions, where they can differ up to a factor 2.5.

The scintillation index is split up in three different variables: longitudinal (instantaneous spot center), radial along the short-
term spot and on-axis (boresight). For each location or range, the scintillation index is computed using the intensity values
over time.

The theoretical and empirical longitudinal and radial scintillation indices are comparable in magnitude and slope for the
weak turbulence regime. The theoretical and empirical longitudinal and radial scintillation indices differ up to a factor 1.5 for
weak turbulence conditions. For stronger turbulence conditions the difference between theoretical and empirical results grows
up to a factor 4 for the longitudinal scintillation index. Furthermore, the bucket shape for the radial scintillation index along
the spot predicted by theory, is also seen in the empirical results. For the on-axis scintillation the empirical and theoretical
results lie closest for the full range of analyzed turbulence conditions: the maximum difference lies within a factor 2.5.

For all variables, except on-axis scintillation only measurements with a median C?2 value below SES m™?? are included in
the analysis, as for higher turbulence strengths beam break up prevents analysis of the spot with the methods used in the test.
For on-axis scintillation a fixed point in the aperture is used, of which the analysis is thus not influenced by beam break up.

There are several factors limiting the accuracy of the data analysis: the obscuration and clipping, limited amount of Turbulence
Monitors along the path and the measurement time of two seconds. The obscuration and clipping lead to a loss of information.
This loss of information has been bypassed by the lookup table, but it can never reproduce the data nor be fully accurate.
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Furthermore, the variance in empirical results for equal turbulence conditions is larger than for the theoretical results. Wind
direction, time of day and wind speed are not included in the theoretical equations, while analysis of the empirical results
spread shows that these are of influence on the variance of empirical results for equal turbulence conditions.

Concluding, by comparing theory and measurements for equal beam parameters and approximately equal turbulence
conditions, an indication is given of the similarities and differences between these for varying turbulence conditions. The
similarities for weak turbulence conditions strengthen the confidence in the theory for those conditions, while the dissimilarities
for strong turbulence conditions ask for more research to understand the effect of atmospheric turbulence on optical propagation,
especially for strong turbulence conditions.
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APPENDIX A
LITERATURE STUDY

To understand the theory behind the research and to accurately find gaps in the body of research, which contribute to the
progress in the field of laser satellite communications at the same time, a literature study has been performed. The results
of this literature study, which contribute to the general message of this thesis, are presented in this appendix, together with
more background information explaining the material. This is an addition to section II. How the atmosphere is generally
modelled is presented in subsection A-A. Secondly, the an overview of the current empirical research performed is presented
in subsection A-B, after which the gap in the body of science is marked in subsection A-C. To fill this gap research questions
and a research objective to be used are posed in subsection A-D.

A. Atmospheric Turbulence Model

Atmospheric turbulence influences the path light rays take. The differences in refraction indices in the atmosphere as a
result of turbulence make it that light rays passing through turbulence do not follow a straight path, see Figure 24. Over long
distances these effects can enlarge, leading to spatial incoherence of the wavefront. Researchers try to quantify the effects of
atmospheric turbulence on a laser beam by splitting up the effects and quantify each separately, with limited success [41], [42].
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Fig. 24: Propagation geometry for an extended medium [9].

To describe optical propagation through a turbulent atmosphere, the atmospheric turbulence must be modelled. The applicable
equation used for this is the Hufnagel-Valley model [13]. This modified Hufnagel-Valley model is defined as follows:

C2 = 0.00594 - (%)2 - (1075R) "% e~ 10 +2.7- 10716 . ¢~ T0 4 A - e o0, (40)
where C?[m~2/%] is the refractive index structure parameter, v [m/s] the pseudowind, i [m] the altitude above sea level,
A [m~?/%] a nominal value of C2 at the ground (or C2(0)) and hogs [m] the height above sea level of the optical ground
station (OGS).

The refractive index structure parameter computed by above stated model, is an important parameter, which important
relations use to quantify the effect of turbulence on a laser beam. The Hufnagel-Valley model gives a simple expression for
the turbulence intensity, but it is still an approximation, as can be seen in Figure 25. It compares the model to turbulence
intensities measured in Korea. The model approximates the refractive index structure parameter, but can differ significantly as
well (3E-16 vs. 7E-17 for the HV-model and test data, respectively).

The theoretical models on the optical propagation through this turbulent atmosphere are presented in section II. The
implementation of all those equations have been verified by recreating the figures in their respective papers.

B. Verification & Validation of Theory

Past research concerning verification and validation has been gathered, to understand to what extend the theory presented in
section II and subsection A-A has been scrutinized. This search shows that the verification is done using Monte Carlo simulations
[14], [16], [24]-[28]. All these verification studies focus on weak turbulence conditions, except [26], which focuses on the
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Fig. 25: Hufnagel-Valley 5/7 model compared to turbulence measured in Korea [48].

regime close to strong scintillation. Furthermore, the research focuses on irradiance and scintillation only, except for [16],
which also verifies scintillation including the contribution of beam wander.

Next to simulations, several ground-to-ground (G2G) tests have been performed to check the theory [29]-[40]. One of these
tries to replicate turbulence in a small-scale lab [37], others use a controlled environment, such as a large closed space [38]
and some use a link in free space ranging from 375 m [39] to 8.5 km [32]. However, most tests are in the 1 km range [29],
[31], [33]-[36]. The validation focuses on scintillation and irradiance fluctuations. Beam wander is mentioned as a contributor
in some of these tests, but omitted in the analysis. In [40] the beam wander and spot size is retrieved for a multi-km path, but
this is a feasibility study, which does not focus on verification of turbulence models under varying turbulence conditions.

Next to this, only one test been found that uses a space-to-ground (S2G) link [49]. This paper focuses on the scintillation
and mean irradiance versus elevation angle of the satellite. With the problem description introduced in section I, it is therefore
of less interest.

C. Gap in Research

The literature presented in section II and subsection A-B show the dependability on the Rytov approximation; that is, most
equations are only valid for weak turbulence conditions. Furthermore, theory deviates from simulation results even under weak
turbulence conditions for longer propagation distances (>6 km) [14].

Next to this, the validation in papers presented in subsection A-B does not focus on beam wander and scintillation. Only
scintillation or mean irradiance is analyzed. Therefore, an important part of the theory presented in section II is not checked by
means of validation, especially for longer link paths. A reason for this is that systems, which can deliver a laser spot accurately
over long distances were not available. These systems are now available [8], [22], [23].

As discrepancies still have been found for the beam wander and scintillation effects, it is therefore interesting to understand
where these lie. Furthermore, it is unknown if splitting up a link in smaller parts aids in the accuracy of the theory. The current
theory for scintillation and beam wander are only empirically validated for short distances [37], [SO]. Empirical validation of
the theory will aid in understanding the accuracy of the models and help improve the models used for future system designs.

D. Research Questions & Objective

To focus the research and aid in setting up a plan of attack, research questions and a research objective have been formulated.
Based on the literature study, the research questions are given in subsubsection A-D1. The research objective is stated in
subsubsection A-D2.

1) Research Question(s): The literature study of gave rise to an understanding of the gap in the current body of knowledge.
Together with the applicable findings by TNO presented in section I and subsection A-C research questions have been identified.
Answering the research questions will lead to a better understanding in optical propagation through a turbulence atmosphere
and fill the identified research gap. In the light of optical propagation through atmospheric turbulence, the first of the research
questions to be answered is:

”How can beam wander and on-axis scintillation effects be separated from empirical data for analysis?”
The follow-up question is related to the analysis of the individual components having influence on optical propagation:

”How do theoretical results regarding, on-axis scintillation, beam wander and beam spread compare to
empirical results?”
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The final research question focuses on the impact of AO systems, which need is stated in section 1. This research questions
is as follows:
”How does the predicted impact of Adaptive Optics for beam wander and (on-axis) scintillation compare to
empirical results?”
2) Research Objective: Using TNO’s need statement from section I and the literature review (subsection A-C), the main
research objective of this thesis is stated as:
“To achieve empirical validation of theoretical models used for optical propagation through atmospheric
turbulence by comparing the impact of atmospheric turbulence on a ground to ground laser link to the
outcomes of those relations”.
Notice that by answering the research questions presented in subsubsection A-D1, the research objective will be met.



APPENDIX B
ANSWERS TO RESEARCH QUESTIONS

Below are short answers of the research questions in which the information of the report specific to answering these questions
is gathered. Next to this, the parts where additional information on answering the research questions is indicated, as well.

A. First Research Question
The first research question is:
”How can beam wander and on-axis scintillation effects be separated from empirical data for analysis?”’

As shown in the methodology (section III, section D), the spot size and location can be retrieved from the data retrieved in
the field test using the Ground Terminal Breadbaord and Beam Profiler. Using simple equations - center of gravity of intensity
(Equation 37) and second-moment width Equation 38) -, aided by a lookup table. The on-axis scintillation is a fixed point in
the imaged plane and thus can be retrieved independently of the spot location. Next to this, by using the spot location, also
the longitudinal and radial scintillation indices can be retrieved.

There are several factors limiting the accuracy of the data analysis: the obscuration and clipping, limited amount of Turbulence
Monitors along the path and the measurement time. The obscuration and clipping lead to a loss of information. This has been
bypassed by the lookup table, but it can never reproduce the data or be fully accurate. Furthermore, not all measurements were
included in the test. As generally the beam for tip/tilt pre-corrected measurements starts breaking up at a C2 of 5E-15 m™2,
measurements for stronger turbulence conditions are omitted.

Concluding, by retrieving the spot location for each frame, the beam wander can be analyzed, while the on-axis scintillation
can be retrieved by analyzing a fixed point in the imaged plane.

B. Second Research Question

”How do theoretical results regarding, on-axis scintillation, beam wander and beam spread compare to
empirical results?”

The empirical results match theoretical results closely for weak turbulence conditions, see section IV. The deviation between
empirical and theoretical results grow for increasing turbulence strengths outside the weak turbulence regime. Furthermore, the
instantaneous spot size does not change significantly for the changing turbulence conditions: It stays similar to the free-space
spot size for the turbulence conditions analyzed in this research. Next to this, the beam wander can be reduced significantly
with tip/tilt pre-correction below the theoretical beam wander for an untracked beam, as the pre-correction utilizes refractions
of the beam in the atmosphere to deliver the beam to the Beam Profiler.

C. Third Research Question

”How does the predicted impact of Adaptive Optics for beam wander and (on-axis) scintillation compare to
empirical results?”

As can be seen in section E, the reduction in beam wander predicted by the simulation results matches the empirical results
in that it reduces, even if it is set to zero in the simulation for 28 modes. As perfect tracking is not feasible in reality, the
amount of reduction deviates between simulation and field test.

Furthermore, the reduction in scintillation measured during the field test is not represented in the simulation results. The
scintillation indices from the simulation tool have a very large spread, even larger than the theory on which it is based. The
reason for this is currently still unknown and to be investigated.

The measured spot size does not change significantly for higher AO modes, which it does for the simulated results. The
reason for this is that the spot size does not seem to be influenced by turbulence for the turbulence range analyzed in this
research. Only for C2 > 5E-15 m™?? does the spot start to increase significantly. However, due to the beam breaking up for
those turbulence conditions this part is not analyzed. Thus, as turbulence does not influence the spot size for the turbulence
conditions analyzed, the pre-correction can also not improve the performance. The performance is already optimal, as the spot
size equals the free-space spot size.



APPENDIX C
TEST SETUP

Some more information on the test setup can help to understand how the data came to be. The required variables inherent to
the ground station are noted in subsection C-A. Afterwards, the camera settings used are presented in subsection C-B. Lastly,
further explanation of the test proceedings is given in subsection C-C.

A. Ground Station

The ground station is a mobile trailer containing an optical system. This optical system is described in [45]. Some values
are used as an input for the equations presented in section II and are therefore gathered here for completeness, see Table III.

TABLE III: Ground station variables used for the models presented in section II

Variable | Value
Wo 0.0308 m
Fy 3.95-10% m

B. Imager
The camera settings of the Beam profiler used are shown in Table IV.

TABLE IV: Camera settings used during the field test.

Variable | Value
Shutter time 5E-6 s
Frame rate 800 Hz

Quantum efficiency | 0.70

Full Well Capacity | 65E3

Number of bits 12

Image size 512x512 pixels

The data has been logged in vectors containing a the time stamp and 12 bit image. This image is reshaped to a vector in
order to save it. The time stamp is linked for the Beam Profiler and ground station via satellite.

C. Test Proceedings

During the test the ground station switches between different AO modes (8, 16, 28 and 40). In between every switch, first
a dataset is logged with only tip/tilt pre-correction. This is done to see the influence of the higher AO modes, when they are
activated. The reason the tip/tilt pre-correction stays on is to keep the laser within the receiver’s field of view. For a higher
number of AO modes, the order of the functions used for control of the deformable mirror in the AO system increases.

In total 3885 measurements were recorded, but rain resulted in some measurements failing to meet the requirements for
analysis, see Figure 26. As can be seen vertical stripes have appeared in the image, which are attributed to rain drops
falling through the laser bundle or dripping down the glass window in front of the Beam Profiler. In total 1656 two-second
measurements have been used in the analysis.



Fig. 26: Light received at the Beam Profiler at the end of a rain shower.
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APPENDIX D
DATA ANALYSIS

A. Turbulence Monitor Selection

As shown in Figure 6 four turbulence monitors are positioned along the link path. The mast of the Gerbrandy tower influences
the turbulence conditions of the two turbulence monitors on the tower (TM 1 and TM 4). TM 1 was positioned on the Western
side of the tower and TM 4 on the Southern side.

To select the correct turbulence monitor, the wind direction of TM 3 is used to roughly indicate the wind direction at the
tower. The data is then used from the turbulence monitor which lies on that side of the mast, from which the wind at TM 3 is
blowing. For wind direction angles between 45° and 225° the data of TM 4 is used (0° pointing North, clockwise positive).
For all other angles TM 1 is used. For angles equal to 45° or 225°, the average results of TM 1 and TM 4 is used. An example
of the turbulence monitor selection is shown in Figure 27.

B. Correcting Logged Data

During a measurement, the test data was saved in a buffer on the test computer. This buffer is then emptied after a
measurement has finished. However, the buffer was too small to contain a full measurement of 30 seconds. The buffer could
only contain data of ~2 seconds. Furthermore, the buffer spread the results of a measurement over 2 files. This way one file
contained half the result of two subsequent measurements. Before the data was analyzed all data sets were put in their own
correct file. Which data should be in which AO mode file has been retrieved by looking at patterns in received power and
average intensity over a measurement. The AO sequence was 2-8-2-16-2-28-2-40-2. Thus, two consecutive measurements with
tip/tilt pre-correction only follow between two of these sweeps. A clear indication of these two equal control settings was
found and used to put the correct data with the correct AO setting.

C. Imperfections in Data

Several imperfections can be found in the optical system. An overview of this has been made and is shown in Figure 28.
The influence most imperfections cannot be mitigated in the data analysis within a reasonable time scope and are therefore
accepted. The defocus can also not be mitigated, but the change in path length can.

The size of the spider struts in the image with respect to their real size is used to compute the focal distance, see Equation 41
[51]:
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Fig. 27: C2, wind direction and wind speed over time for TM 1, TM 3 and TM 4 to select the TM being used.



where z [m] is the distance of the slit to the receiver, d [m] the width of the central band in the diffraction pattern, W [m]
the actual width of the object and A [m] the wavelength. The total path length of the light from the spider strut to the image
is measured to be 2.16 m and thus the defocus equals 36 m. This defocus is subtracted from the path length for the theory to
make sure both theory and test results cover the same distance.

Next to the static imperfections a dynamic imperfection was seen on videos of the test results. This is the results of angle
of arrival fluctuations induced by the atmospheric turbulence. A ray trace analysis has been performed in which this theory is
checked. The setup of the ray trace analysis is shown in Figure 29.

Point 1 is placed at 25 cm from the optical axis at 1 m in front of M2. Point 2 is placed at M1 at 15 cm from the optical
axis. Point 3 is placed on M2 at 2 cm from the optical axis of M2 and point 4 is placed 1 cm in front of L1 at 0.2 cm from
the optical axis.

Spider out of focus —_—
Dust on L1

Dust on filters/cover glass near camera,
Pixel calibration camera
Fiber imaged

Fig. 28: Imperfections in optical system.

The analysis has been performed via ray transfer matrix analysis (ABCD), using the following components:

( (1) il > (Free-space propagation), (42)
( 4 ?) (M), 3)
R
10
(0 | ) (M2), (44)
1
(; ?)(Ll), (45)

where R [m] is the radius of curvature of the M1 mirror and f [m] the focal distance of the lens.

In the ray trace analysis the location of the Beam Profiler is moved by 3 cm, which equals a rotation of 0.007°at 226 m
altitude. The shift in detected location for point 1-4 on the imager plane are 2.6E-4 mm, 5.23E-3 mm, 5.3E-3 mm and 5.3E-3
mm. The shift of point 3 and 4 is less. This is also seen in the videos of the test data. Thus the angle of arrival fluctuations
cause the vibrations in the videos. These vibrations are not omitted as it is outside of the scope of this research.

D. Pixel Value Conversion
The pixel values are converted to intensity using a method used by TNO:
GpFE
tsTnq
16-1.3-1071° (46)
" 5.0-1079-6.0-10-*-0.70
=9.7-1071% W/(m? - pizel count),

Gr=




viii

M1

|

4
u H

(a) Positions of points and components used. (b) Rays analyzed in the ray trace analysis.

Fig. 29: Schematic representation of the ray trace analysis performed.

where G [W/(m? - pizel count)] is the imager gain, E [J] the photon energy, ts [s] the shutter time, 7' [—] the transmission
of the Beam Profiler and 1o [—] the quantum efficiency and Gp [—] the detector gain, which is computed by Equation 47:
Fw
277,
65 - 103 47)
212
= 16,

Gp =

where FW [—] is the Full Well Capacity of the detector and n [—] the number of bits (12). Furthermore, the photon energy
is computed with Equation 48:

he
E=—
A
6.6261- 1073 - 2.99792458 - 108 (48)
N 1.5500 - 106

=1.3-1071 J,

where h [m?kg/s] is the Planck constant and ¢ [m/s] the speed of light..

E. Spot size Derivation

In the data analysis, the second-moment width is computed, see Equation 38. However, the equations in section II use
the 1 /eQ-radius >w’. A conversion must be made between these values. The derivation is shown below, which starts at the
second-moment equation, repeated here below, for ease of reading.

S o I y)(ff — Z)%dxdy
2[5 I(z,y)dxdy

By substituting the intensity equation for a Gaussian beam and integrating, a conversion can be made between D4o and w.
Substituting the intensity equation for a Gaussian beam leads to Equation 49:

Do, =40 =4

7,2

Ddo — do — 4 fO o (3)"c ( s Tdrde, (49)
fo I (wO) rdrd@

where an extra r is added as the Cartesian coordinate system has been changed to a polar coordinate system. Furthermore, 7
is omitted as it is equal to zero, as the centroid lies at the center of the spot. Integrating the inner integral of the numerator is

shown below: ) 5 oo ,
/ Iy (wo) e 2 w7 (r)2rdr = I ( ) / e~ W r3dr.
0 w w 0

Substituting u = 72 — du = 2rdr and omitting the constants from the equation for now, leads to:

’7‘2 1 u
/67210727“3d7“= §/ue7%du.

Using another substitution of v = —u/w — dv = —1/w?du and again omitting the constant from the equation, leads to:

_2u
/ue w? du:wA‘/veQ”dv.




The last part can be integrated by parts with f = v, f/ = 1 and ¢’ = e*¥, g = ?V/2:
ve?dy = ve ﬁd ve e%.
2 2 4

Substituting the solved integrals and solving the outer integral (27), leads to:

2r2 2r2 7T _22 7T
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Solving the denominator follows the same approach, but with 7 instead of r3:
o0 2 o0 'r'2
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0 w w 0
Substituting u = —2r2 /w? — du = —4r /w?dr leads to:
2r2
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Substituting the solved integral and solving the outer integral (27), leads to:
oo 5 o —22 " 2
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Next, Equation 50 and Equation 51 can be substituted in Equation 49 and solved for w, see Equation 52:
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Lastly, solving for w leads to Equation 53:
2D4
_ V2D (53)

FE. Lookup Table

Videos, wherein the results of Equation 37 were shown, indicate an inaccuracy of the method, as it does not take obscured
or clipped parts of the spot into account. Furthermore, the spot size also deviates as it is computed with the center are the spot
location, see Equation 38. Figure 30 is a still frame showing this deviation. The spot center clearly lies more to the top left,
perhaps even outside the aperture or even the 512x512 image.

As stated in section IIT a lookup table is created to correctly estimate the spot location and size. How it is created is shown
in subsubsection D-F1. The verification is shown in subsubsection D-F2.

1) LUT Creation: The lookup table is created using the intensity distribution, see Equation 54:

2 2
I(r,z) = Iy (15(}2)) e veT . (54

A Gaussian spot is imaged on an image size 1.5x as large, as used in the test, to allow for spot locations outside the image

used in the test. Furthermore, Gaussian spots can be plotted with Equation 54, if w and wq are changed to an elliptical pattern,
see Equation 55 andEquation 56:

\/w%sin(H)Q + w2cos(0)?
wo L0270 (56)
\/wg »51n(0)2 + w§ , cos(6)?
where w
Wo,z ——wp, (57)



Fig. 30: Still frame showing inaccurately computed C.o0.G. location (blue dot) and spot size (blue ellipse). The green dot is
the average computed spot location location over the measurement.

where 0 [rad] is the angle along the ellipse, wo, [m] the horizontal waist radius and wg, [m] the vertical waist radius,
computed analogously to Equation 57.

After the image is plotted the mask from section III is placed on top, after which the C.0.G. and D4c are computed. As the
inputs are known and also the results after the mask has been introduced, a link is made between an unobscured and unclipped
image to an obscured and clipped image. This is repeated for an array of locations on the image, with various spot sizes per
location. For the inputs of this, see Table II.

A perfect Gaussian spot is used (without scintillation effects), as the effect of scintillation is a randomized process, which
is influenced by wind direction and turbulence effects. These turbulence effects are influenced by many effects, including
temperature and ground effects. These ground effects differ along the path due to the existence of fences, buildings and
vegetation, which makes it, together with the other influences described above, deemed impossible to accurately incorporate
the scintillations encountered in the test. Even more because for different turbulence conditions different scintillations occur,
which would mean a different lookup table must be created for each of the 2656 measurements.

Note that the radii of the elliptical Gaussian spot are only varied in x- and y-direction and not also rotated in the image plane,
even though the real spot can rotate around the boresight axis. Computing power is a limiting factor in this case, as the number
of radial inputs scales the LUT size quadratically due to the image being 2D. A sensitivity analysis (subsubsection D-F2)
shows that, due to the assymetrical obscuration, more spot locations in the LUT improves the performance much more than
adding more spot sizes. Furthermore, interpolation between the spot sizes can be done fairly well, see subsubsection D-F2.

2) LUT Verification: To verify if the LUT fulfills its intended purpose, a method has been developed in which a spot is
imaged, which is then approximated by with the LUT. Several iterations, each with increasing number of LUT entries, are
compared to analyze which factors affect the LUT performance most.

The imaged spots consist of two types: a moving spot of roughly the expected spot size (1/e?) at the Beam Profiler and
a spot, which is fixed in its location, but changes its spot size. The moving spot has a 1/e? spot radius of 16.4 cm and the
changing spot varies from 9.5-21.5 cm. The moving spot furthermore moves from the left to the right of the 768x768 grid,
which is equal to the LUT grid size. Lastly, the location of the spot is verified at two positions, one at the center of the image
(0, 0) and one in the top left of the aperture (100, 100).

Five LUTs are used in the sensitivity analysis. The number of entries of each LUT are shown in Table V. For each LUT
the number of entries in locations and spot sizes increases. As the number of entries increases, also the integration time for
a LUT increases. On the available hardware LUT 1 would take up to two days to convert the test data results, while LUT 5
would take more than 500 days.

The lookup tables were assessed in a controlled environment in which a perfect Gaussian spot is imaged. The imaged spot
is created with Equation 54. Afterwards, the mask used in the data analysis (section III) is placed on top. The spot location
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TABLE V: Settings for lookup tables used in analysis and the optimized lookup table.
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and size are retrieved with Equation 37 and Equation 38, after which the lookup table is used to retrieve the actual result.

Four different situations were put to the test, see Figure 31: two in which the spot size increases, while the spot stays in the
same position, and two in which a spot moves horizontally across the aperture, while the spot size is constant. The spot size
is chosen to equal the average expected spot size at the receiver (32.8 cm). Note that for small spots the maximum intensity
can exceed the maximum intensity, which the camera can capture (4.16 W/m?). Therefore, in the creation and analysis of the
lookup tables, all values above the saturation intensity are cut off.

(a) Still frame of changing spot size in the image (b) Still frame of horizontally moving spot at
center y = 0 pix (left to right).

(c) Still frame of changing spot size at x = y = (d) Still frame of horizontally moving spot at
—100 pix. y = —100 pix (left to right).

Fig. 31: Still frames from LUT analysis with perfect Gaussian spot imaged and mask from data analysis placed on top.

Due to the importance of LUT size, the number of entries must be kept reasonably low, while maintaining accuracy. The
error of the performances of the LUTs is computed for the four cases shown in Figure 31. For LUT 1 the results of the analysis



are shown in Figure 32,

Figure 33, Figure 34 and Figure 35.

As can be seen, for a low amount of LUT entries, the accuracy of the LUT is worse than for the original analysis method.
The LUT over-estimates the spot size and misplaces the spot. Furthermore, the spot size analysis in Figure 33 and Figure 35

shows how the original methodology under-estimates the spot size. This can be attributed to the clipping effect.
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Fig. 32: Results of LUT 1 for a spot moving along y = 0 pix.

The inaccuracy of LUT 1 has lead to a study of the effect of LUT entries. This is the reason multiple lookup tables have
been created with various amount of entries, see Table V.
For each of LUT 1-5, results as above have been created. These results can be analyzed together by expressing an error,
see Equation 58:
Error = LUT result — Input. (58)

This error can be plotted for each LUT as an intantaneous error, see Figure 36 and Figure 38. Lastly, the error can be plotted
cumulatively, see Figure 37 and Figure 39.

The results show that the spot size and center of gravity estimation improve significatnly from LUT 1 to LUT 2. However,
looking at the cumulative results of Figure 37 and Figure 39, LUT 4 and LUT 5 show a significant better performance than
LUT 2 and LUT 3: ~0.5 m and ~0.2 m, respectively.

The difference between LUT 4 and LUT 5 is minimal. However, the computation time of both LUT varies drastically: LUT
5 would take >500 days to analyze the data, while LUT 4 would take ~30 days. Both computation times are too long to use
and therefore the lookup table must be optimized.

This optimization showed that interpolation for spot size, was fairly accurate with little inputs (4), while the amount of
LUT entries for spot locations is paramount. The reasoning behind this is that the assymetrical obscuration/clipping cannot be
estimated by linear interpolation, while a change in spot size can for the same locations. The optimized LUT takes around 12
days to analyze the data, as long as LUT 3.

Figure 36 and Figure 38 show that the performance of the optimized LUT is better than LUT 4 and approaches the
performance of LUT 5, while being more than 40 times as fast in computation. The individual results of the optimized LUT
for the cases shown in Figure 31 are presented in Figure 40, Figure 41, Figure 42 and Figure 43.. These results show the
improvement of the LUT with respect to the results shown for LUT 1 (Figure 32-Figure 35). Furthermore, the LUT now
outperforms the original methods. The spot size error is smaller than 0.004 m and the location error smaller than 0.002 m.
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Fig. 34: Results of LUT 1 for a spot moving along y = —100 pix.
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Fig. 40: Results of LUT 23 for a spot moving along y = 0 pix.
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Fig. 41: Results of LUT 23 for a spot changing size, which is centered in the image.
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G. Verification Data Analysis

To prove the functionality of the complete data analysis including lookup table even further, histograms have been made.
These histograms focus on beam wander (subsubsection D-G1), short-term spot size (subsubsection D-G2) and scintillation
(subsubsection D-G3).

1) Beam Wander: The beam wander should follow a Gaussian distribution [9]. Therefore, the beam wander results have
been put in histograms for various analyzed measurements. As the histograms are all comparable, the histograms for one
measurement are shown below, see Figure 44. As can be seen, the beam wander in x and y follow a Gaussian distribution.
The median of the distribution does not lie at 0 m, because the tail of the histogram is slightly asymmetrical. However, this
does not weaken the proof that the analysis provides a correct distribution.

<Te > <re>
300 o=0026m || 300 o =0029m ||
250 e 1 250 ]
> 200 f 1> 200 | 1
[S] | (8]
c — c
(] (0]
S 150 1 3150 1
g 150 g
s I
100 b 100 1
50 r q 50 b
0 L L s ol s L | A
-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1
Tea [M] Tey [m]
(a) Beam wander in x. (b) Beam wander in y.
250 M b
=200 L 1
(8]
c
<] L
> L i
g 150
I
100 [ b
50 r b
ol ‘ . A ‘ ‘
-0.2 -0.15 -0.1 -0.05 0 0.05 0.1
<. > [m]

(c) Beam centroid displacement.

Fig. 44: Beam wander histograms for a measurement.

2) Spot Size: The spot size histograms for x and y and the combined result are shown in Figure 45. As can be seen, the
spot size also follows a normal distribution, which is correct [9]. Note that the edges of the spot size are cropped, as the LUT
accuracy requires a smaller spot size range to execute the analysis within a reasonable time (twelve days). For this particular
run 4.6% of the results lie outside of this spot size range. Next to this, it becomes clear the spot is not circular but elliptical,
with the horizontal axis as the major axis.
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Fig. 45: Short-term spot size histograms for a measurement.

3) Intensity: The scintillation index can only be acquired accurately, if the image is not saturated. If the image is saturated,
information is lost at the higher end of the intensity range. As the scintillation index is the “normalized variance of the intensity”
[13], the intensity range must be available.

Figure 46 shows the histogram of the intensity for a single frame measurement. The intensity of all pixels is gathered. The
zero values are omitted in this graph, as they are numerous with respect to the higher intensity values, as much of the aperture
does not receive light. As can be seen on the right side, the spot intensity is retrieved while the absolute maximum intensity
values saturate the camera.

The constructive interference spots of scintillation have a high intensity. The full well capacity of the CCD is fixed, thus
the shuttertime must be decreased to increase its dynamic range and image the brightest spots. However, as the bit depth is
also fixed, increasing the dynamic range to image the brightest spots leads to a loss of information in the most important part
of the image: the generic spot.

This can be explained by looking at the histogram in Figure 46. Imagine the number of bars is kept equal, but, for example,
the range is quadrupled. Then, instead of ~11 bins containing information on the spot, only three bins would. The same would
be the case for the pixel values of the camera. Increasing the dynamic range, leads to an increase in the intensity range included
in each pixel value. Concluding, as the brightest spots cannot be reasonably imaged with a camera, while at the same time
retrieving enough information of the rest of the spot, the spot is deemed acceptably captured to estimate the scintillation.

Halfway through the test, the transmitter power was changed from 0.2 W to 0.6 W. To ensure the validity of the analysis,
the saturation is also checked for this part of the test. An overview of randomized runs from the second half of the field test
are shown in Figure 47. As can be seen, the spot still does not saturate the receiver camera.
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H. Normalizing Results

To study the effect of higher order AO modes, the results of these higher modes can be normalized with respect to the
tip/tilt results. Each higher AO mode (8, 16, 28, 40) in the test is preceded and succeeded by a tip/tilt measurement. The

results for each higher AO mode can therefore be normalized by dividing its results by the results of the accompanying tip/tilt
measurements, see Equation 59 for the normalization of long-term spot size results:

WLT,m,n

WLT,norm,m = Wit om 1+WoT.zmit’ (59)
2
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where WL normm [—] is the normalized beam wander for m AO modes, n [—] the measurement number and Wy o [m] the
beam wander result for 2 AO modes.
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APPENDIX E
ADAPTIVE OPTICS PRE-CORRECTION EFFECTS

Below, the empirical results are presented, showing the impact of Adaptive Optics. Furthermore, the simulations predicting
the performance of tip/tilt pre-corrections and 28 AO modes are compared to the field test results.

A. Results

The normalized results for varying AO modes are shown in Figure 48. As can be seen in Figure 48a, the beam wander
variance reduces for higher modes, except 40 modes. For 16 modes it can even be reduced for a factor 2.

The short-term and long-term spot size do not significantly change, see Figure 48b and Figure 48b. The reason the short-term
spot size does not change significantly for changing turbulence conditions if higher AO modes are used, is that the spot size
does not seem to be influenced by turbulence for the turbulence range analyzed in this research. Only for C2 > 5E-15 m™??
does the spot start to increase significantly. However, due to the beam breaking up for those turbulence conditions this part is
not analyzed. Thus, as turbulence does not influence the spot size for the turbulence conditions analyzed, the pre-correction
can also not improve the performance. The performance is already optimal, as the spot size equals the free-space spot size.

The long-term spot size does not change significantly, even though the beam wander variance does, as the beam wander
variance is very small, see Figure 15, which due to how Equation 19 is set up, does not lead to an increase in long-term spot
size. The Pythagoras theorem limits the effect of a reduction in the already small beam wander. The short-term spot size is
leading in this regard. However, that does not change significantly for higher AO modes.

The longitudinal, radial and on-axis scintillation index all decrease for higher AO modes, except for 40 modes. For all three
scintillation indices, 8, 16 and 28 modes lie close together. The peak in normalized on-axis scintillation index for 28 modes
at C2 =6B-16 m™?? is the result of an outlier.

The results for the average total received and on-axis power are shown in Figure 49. Again, the performance increases for
8, 16 and 28 AO modes, while the performance decreases for 40 AO modes.

Next to this, as can be seen, the received power stays reasonably consistent, if the turbulence strength increases. Only after
C? >5E-15 m™3, the power drops. This is the results of beam break up. Less power reaches the aperture and the the beam
consist of several hot spots instead of a single one.

The total average received power for higher AO modes could higher than the results show. The reason for this is that the
beam wander for higher AO modes, except 40 is less than for tip/tilt pre-correction. This means that more of the beam could
be obscured by the beacon and secondary mirror leading to a lower measured received power than actually reaches the pupil
plane.

The simulation results of TNO for tip/tilt pre-correction are shown in Figure 50. As can be seen, the simulation results
generally lie closer than the theoretical results. However, the spread in on-axis and longitudinal scintillation is very large. This
large spread is not found in the theory on which it is based. This raises questions on the implementation of the scintillation
theory in the simulation software.

The simulation results of TNO for 28 AO modes are shown in Figure 51. The beam wander variance in the simulation is
estimated to be zero, which retrieved to be nonzero from the field test.

The simulation results for long-term and short-term spot size match the empirical results more closely than for the tip/tilt
pre-correction. The mean of the empirical results lies close to the lower end of the simulation results. Again the simulated
scintillation results contain a large spread. Especially for the on-axis scintillation index, the empirical and simulation results
deviate more than for the tip/tilt-corrected results.

B. Conclusion

Concluding, the reduction in beam wander predicted by the simulation results matches the empirical results, even if it is set to
zero in the simulation for 28 modes. The amount of reduction deviates between simulation and field test, though. Furthermore,
the reduction in scintillation measured during the field test is not represented in the simulation results. The measured spot size
does not change significantly for higher AO modes, which it does for the simulated results.
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APPENDIX F
RECOMMENDATIONS

Following the research performed, several recommendations can be given for future research and developments.

A. Data Analysis

The data analysis could be extended in several ways.

The orientation of the elliptical Gaussian beam could be retrieved via singular value composition. However, the lookup
table should be adjusted to implement rotation of elliptical beams.

The lookup table could be extended with the use of speckles for its creation. However, as scintillation is a random process
influenced by the current turbulence conditions, the lookup table size would grow substantially.

Removing the system and beam jitter from the beam wander results, will lead to a more direct comparison with theory.
Currently, beam break up is not analyzed even though the data analysis shows it starts to play a significant role for strong
turbulence conditions. By analyzing the effect of beam break up, it can be characterized for changing turbulence strengths.
This is also the case for the various AO modes, as it has been found that beam break up for higher AO modes occurs at
higher turbulence conditions than for tip/tilt pre-correction.

The time of day, wind speed and wind direction can be used to get more insight in how the empirical result scatter plots
are built up. Once could even differ the mean empirical results on this basis to get a clear indication of the differences.
The GTB uses the downlink beam for pre-correction. However, in this research the quality and power of the received
beacon is not included in the analysis. There might be runs where those are too low for pre-correction of an acceptable
quality. By adding this to the data analysis, additional outliers might be found and removed.

The wavefront error of the uplink beam at the GTB can be included in the data analysis to understand how much the
uplink beam is already distorted.

The beam wander analysis is influenced by the accuracy and speed of the tip/tilt pre-correction algorithm. By checking the
control response to the beam displacement response, one could find how much of the beam wander can still be mitigated
by improvement of the control algorithms and speed.

B. Test Setup

The Beam profiler setup can be improved in several ways:

Tracking of the Beam Profiler location would increase the accuracy of the beam wander variance. The Gerbrandy tower
sways, and thus the location of the Beam Profiler changes. By measuring the movement of the Beam Profiler, the tower
sway can be removed from the measurements.

If the beam jitter (angle of arrival fluctuation) are removed from the measurements, the accuracy of the beam wander
variance analysis improves. However, this would require additional instruments at the retriever side.

If another test is performed, an increase in the imaged plane size and omitting of an obscuration will lead to a higher
accuracy of the data analysis. Currently, the clipped and obscured intensity information is estimated by the lookup table.

Furthermore, the turbulence profile accuracy can be improved as follows:

The accuracy of the C? profiles could be improved by simulating the turbulence using weather data and measurements
of the turbulence monitor data. This way the linear interpolation can be changed to a more accurate estimation.

For a next test, the turbulence monitors on the tower should be placed further from the tower platform. Currently, the
tower structure will influence the turbulence monitor measurements. As these turbulence monitors influence the median
C?2 value used in the comparison, an improvement in their accuracy will lead to an improvement in the accuracy of the
median C2.

An improvement of the accuracy of the turbulence profiles will lead to a more accurate comparison between theory and
measurements.

C. Analytic Equations

The research showed that the theory can be improved as follows:

It has been shown that the time of day, wind speed and wind direction have an impact on the turbulence effects. To
improve the accuracy of the theory, these influences should be reflected in the theory, as well.

Beam break up plays a role for strong turbulence conditions, especially for tip/tilt pre-correction. It should be investigated
if and how beam break up is currently included in the theoretical models and if it should be added or changed. It should
then also be decided how the spot size is defined if multiple hot spots exist. Understanding of beam break up is especially
important for ground-to-GEO links, as a small angular break up near the ground station grows has grown much larger
after such a long propagation distance.
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D. Simulation Software
The simulation software at TNO can improved in several ways:

o One way is by tracking down why the spread in scintillation index is large.

« The other improvement is to update the theory on which the simulation is based to analytical equation which lie close
for the individual turbulence effects. Note that for ground-to-GEO links, the horizontal path models cannot be used.

o The beam wander displacement for higher order AO modes does not equal zero m, as perfect tracking is impossible. A
reasonable estimate of the beam wander displacement should be made for higher order AO modes.
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Fig. 52: Beam wander variance results for tip/tilt pre-correction.
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Fig. 53: Beam wander variance results for 8 AO modes.
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Fig. 55: Beam wander variance results for 28 AO modes.
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Fig. 92: Total received power results for 40 AO modes. Only results for Pr, = 0.200 W are included.
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Fig. 97: Received on-axis power results for 28 AO modes. Only results for P, = 0.200 W are included.
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