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Abstract

Free-Space Optical Communication (FSOC) governs the use of lasers to communicate over often large
distances in the open air. This technology has emerged as a promising alternative to traditional radio-
frequency communication for inter-satellite links as the higher electromagnetic frequencies offer higher
bandwidth, improved security, reduced system mass and reduced power requirements. Despite these
advantages, FSOC systems remain highly sensitive to pointing errors due spacecraft-induced jitter,
which can significantly degrade link performance. Recent theoretical work has proposed the use of
non-Gaussian beams, specifically combinations of Laguerre-Gaussian modes, to mitigate jitter-induced
power bit error rate and power outage probability.

This thesis presents an experimental investigation of such beam superpositions for FSOC. An ex-
perimental optical setup was proposed and implemented to generate specific combinations of Gaussian
and Laguerre-Gaussian beams using polarising beam splitters and a spiral phase plate. In parallel, a
pre-existing propagation simulation program using the principles of Fourier optics and a number of its
approximations such as Fresnel and Fraunhofer, was extended to model beam propagation and com-
ponent misalignment of the experimental setup. Experimental measurements were then systematically
compared to both simulated and theoretical beam profiles.

The obtained beam profiles, both measured and simulated, were subjected to similar power outage
probability analysis as the Laguerre-Gaussian profile in the theory, and from this it could be concluded
that while the experimental profiles performed worse than the theoretical, they still outperformed the
original fundamental Gaussian profile by over an order of magnitude.

The decrease in power outage probability meant that in theory the power of the source could be
lowered and still perform to industry norms. The experiment’s beam shaping section operated at 83.4%
throughput, a loss of power which did not negate the theoretical power gains of up to 40%. This loss
was introduced by the beam shaping components such as the polarising beam splitters and the spiral
phase plate, but did not override the theoretical gains in communication stability obtained by using
these specific beam profiles, thus showing the potential in this type of system.

During the verification and validation of both the programs and the experimental setup, it was shown
that the beams produced by the experiment and those produced by the simulation program matched
closely with an R? value of over 0.9, however the propagation distance possible was not sufficient to
allow the beam to fully develop. In addition, it was discovered that the vortex beam produced by a spiral
phase plate was not in fact a pure Laguerre-Gaussian beam as assumed, but instead a closely resem-
bling vortex beam with orbital angular momentum. Since over 80% of the produced vortex beam’s
intensity distribution matched that of a Laguerre-Gaussian beam of the same charge as the spiral
phase plate, it was taken as a sufficient approximation and further research into this discrepancy was
proposed as future work.

After the beam intensity profile had successfully been analysed and modelled, the simulation pro-
gram could also compute the results of misalignment, both displacement and rotation, of various com-
ponents in order to perform a sensitivity analysis, the results of which matched what was seen in the
lab. The simulation program could then be used to determine the real misalignment of components and
thus resulted in better aligned measurements. The spiral phase plate proved to be highly sensitive to
linear displacement where the centre of the impinging beam does not align with the centre of the spiral
phase plate, but only slightly sensitive to rotational errors about the vertical axis.

Overall, the findings obtained during this thesis project provide experimental validation of the pro-
posed concept and offer practical insights into the feasibility of non-Gaussian beam shaping as a
robustness-enhancing technique for future FSOC systems, while presenting interesting ideas for fu-
ture development.
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List of Abbreviations and Symbols

Abbreviations
FSOC Free-Space Optical Communication
RF Radio Frequency
G Gaussian
LG Laguerre-Gaussian
HG Hermite-Gaussian
IG Ince-Gaussian
OAM Orbital Angular Momentum
HWP Half-Wave Plate
SPP Spiral Phase Plate
PBS Polarising Beam Splitter
PBC Polarising Beam Combiner
oD Optical Density
LP Linear Polariser
MFD Mode Field Diameter
NA Numerical Aperture
PDF Probability Density Function
BER Bit Error Rate
POP Power Outage Probability
Symbols
C Channel Capacity [bits/s]
B Bandwidth [H 2]
S Signal Power [W]
N Noise [W]
0 Angle [rad or °]
A Wavelength [m]
D Aperture size [m]
I Intensity [W /m?]
A Phase retardation [rad]
n Refractive index [—]
thickness [m]
h Height [m]
Charge of vortex [—]
k Wavenumber [m ']
wo Beam Waist [m]
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v

Beam radius [m]

Radius of Curvature [m]
Rayleigh Range [m]

Efficiency [—]

Coefficient of determination [—]
Electric Field Distribution [V /m]
Propagation Distance [m]
Generalised Laguerre Polynomial
Gouy Phase

Order of Laguerre-Gaussian [—]
Permittivity of free space [—]
Power [W]
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Introduction

The rapidly increasing demand for high-data-rate communication between spacecraft has driven the
development of alternatives to conventional radio-frequency systems. Free-Space Optical Communi-
cation (FSOC), using laser beams to transmit information through free space (i.e. air, water or vacuum
as compared to fiber-optic cables), offers several compelling advantages over radio frequency commu-
nication. These include, but are not limited to, significantly higher available bandwidth, narrower beam
divergence, enhanced link security and reduced size, mass, and power requirements. As a result,
FSOC has become a key technology for future space communication architectures, improving inter-
satellite relay networks, deep-space missions, and satellite-ground communication infrastructures.

Despite these advantages, FSOC systems face a number of challenges that limit their operational
effectiveness. Due to the narrow beam divergence of optical links, even small pointing errors can re-
sult in large fluctuations in received power or complete link loss. While slow pointing errors can be
corrected using attitude control and beam steering mechanisms, higher-frequency jitter, arising from
sources such as reaction wheels, moving mechanisms and thermal effects, remains difficult to mitigate.
Over long inter-satellite distances, these micro-vibrations on a transmitter can lead to significant devi-
ations of the centre of the beam from the receiver aperture and significantly degrade communication
performance metrics such as bit error rate and power outage probability.

Most existing FSOC systems use fundamental Gaussian beams, which are optimal in terms of min-
imal divergence but are particularly sensitive to misalignment since their peak intensity lies at their
centre, and any pointing error then leads away from this peak causing less total power to be received.
Recent theoretical research has proposed the use of alternative beam profiles, such as Laguerre-
Gaussian beams or superpositions of multiple profiles, to reduce sensitivity to this pointing jitter [1].
Among the various non-Gaussian beam profiles, Laguerre-Gaussian beams are characterised by their
annular shape and orbital angular momentum in their phase. Two parameters, the charge ¢ and order
p, determine the size and amount of rings in the profile respectively.

By redistributing optical power away from the beam centre, these non-Gaussian beams may offer
better performance characteristic under jitter-dominated conditions. However, these theoretical gains
do not account for the additional optical components required to generate such beams, which introduce
losses, aberrations, and alignment sensitivities of their own.

The primary objective of this thesis is to experimentally investigate the feasibility of using Gaussian-
Laguerre-Gaussian beam superpositions for inter-satellite FSOC, based on a preceding paper [1].



Specifically, this work aims to answer the following research questions:

» Do the additional optical components required for vortex beam generation introduce losses
that outweigh the theoretically predicted performance gains?

* How closely do experimentally generated beam profiles match numerical simulations and
theoretical models?

* Does the experimentally observed communication-relevant performance align with theo-
retical expectations?

To address these questions, an experimental optical bench setup was designed to generate and
analyse superposed Gaussian and Laguerre-Gaussian beams. Comprehensive simulation and analy-
sis programs were developed to model the experimental setup and quantitatively compare experimental
results to theory.

The experimental setup was based upon a setup proposed by Badas et al. [1], and was adapted
and expanded upon using components already available in the lab where possible, while some crucial
components had to be purchased. In this proposed setup, a Gaussian beam was linearly polarised and
then split into two orthogonally polarised beams. One of these beams would then impinge upon a spiral
phase plate, after which both beams would be superposed and propagate to a sensor. It was assumed
that a spiral phase plate interacting with a Gaussian beam would create a Laguerre-Gaussian beam,
an assumption that would eventually be discovered to be wrong.

The thesis is structured as follows: first, chapter 2 provides background theory on FSOC, beam
shapes and how to create these shapes. Chapter 3 then describes the optical propagation and beam
analysis programs, the theory behind them and how they functioned. chapter 4 details the experimental
setup and iterations it went through such as modal filtering by use of fiber coupling, while chapter 5
presents verification and validation results of both the programs and the experimental setup itself as
well as a sensitivity analysis for misaligned components and beam development. Finally, chapter 6
discusses the experimental results, their implications for FSOC system design and offers ideas for
future research.



Background

In this chapter, a state of the art review of Free-Space Optical Communication (FSOC) is given and its
current challenges and future development are explored. This knowledge will then be used to determine
an appropriate subject for this thesis to study and lay out the research questions. First, a brief history
of FSOC is given to gain an understanding of the current capabilities. Then, the working principles and
structure of a typical FSOC system are discussed. From this, the current challenges of FSOC systems
can be understood. Finally, the concept of beam shaping, which will be crucial to this project, is laid
out and the most relevant beam shape families are explored.

2.1. Free-space optical communication

The laser was officially invented in 1958 by C. Townes and A. Schawlow [2]. Only a few years later, in
1963, the first communication system using a laser travelling through open air from one end of an opti-
cal bench to another was demonstrated at Bell Labs [3] using a Helium-Neon laser with a wavelength
of 633nm, giving it a red colour. While this was an important first step, the systems during this time
suffered heavily from atmospheric disturbances and alignment issues, further discussed in section 2.3.
Outside of the atmosphere these disturbances would be eliminated, but the typically large distances
(hundreds or thousands of kilometres) involved made the alignment issues difficult to overcome.

In 1995, after significant improvements in adaptive optics, tracking equipment and laser sources,
the Japanese space agency NASDA established the first space-to-ground optical communication link
[4]. The geostationary satellite ETS-VI was equipped with a 20 kg experimental laser communication
equipment system, and received an uplink beacon to establish a link and guide the pointing assem-
blies in steering the downlink laser. This test was devised to develop an inter-satellite link system and
managed to maintain a 1 Mbps transfer rate for a maximum of 0.3 seconds at a time [5].

After the first successful demonstration of FSOC, the beginning of the twenty-first century has seen
several missions using FSOC for both satellite-to-ground and inter-satellite communication. Table 2.1
summarises a few notable missions and why they represented a breakthrough in FSOC.



2.2. Principles of FSOC 4
Year Mission Notable details References
1995 ETS-VII First satellite-to-ground link [4, 5]
2005 Spot-4 & Artemis First inter-satellite link [6, 7]
2005 MESSENGER Longest FSOC link (24 million km) [8, 9]
2008 | TerraSAR-X & NFIRE First gigabit inter-satellite link [10, 11]
2013 LRO FSOC with a Lunar satellite [12, 13]
2014 Scylight Satellite-to-aircraft link [14, 15]
2014 OPALS Link re-establishment after cloud blocking [16]
2015 | Sentinel-1A & Alphasat Demonstration of multi-nodal FSOC network [17, 18]
2020 SOLISS Bidirectional FSOC link between ground and ISS [19, 20]
2022 TBIRD 200 Gbps optical downlink [21]
2023 PSYCHE Deep space optical communication (over 300 million km) [22, 23]

Table 2.1: Table of notable space missions involving FSOC

While this list is far from complete, it shows the fast rate at which the field of FSOC in space flight
is developing. Some missions are still ongoing, such as the PSYCHE mission, with the goal to study
the asteroid Psyche at around 3 AU. Onboard the spacecraft is the Deep Space Optical Communica-
tions (DSOC) subsystem, having demonstrated deep space optical communication capabilities using
a 1550nm (infrared) laser. As for future missions, JAXA has set its focus on miniaturisation of the
technology for use on cubesats with its ETS-9 and CubeSOTA missions [24], while ESA and NASA
are looking to expand their relay system to lunar space by way of the LunaNet initiative [25]. General
Atomics and Kepler Communications announced in September 2025 a successful demonstration of an
air-to-space optical communication system, linking the Kepler satellite with a flying aircraft [26].

2.2. Principles of FSOC

Ever since the first radio transmission in 1900, Radio Frequency (RF) communication technology has
continued to develop. Due to its widespread use and rather limited frequency range of 3 kHz to 300
GHz, countries have had to cooperate and regulate who gets to use what frequency band and where
[27]. This limited frequency range can have two effects: signals of similar frequency can overlap at the
receiver and cause interference, while the Shannon-Hartley capacity theorem [28] puts a hard limit on
the maximum amount of information that can be sent over a channel.

C = Blog,(1+ S/N) (2.1)

where C is the channel capacity, B the bandwidth, S the received signal power and N the channel
noise power.

Furthermore, RF signals spread out over large angles, reducing the received power and introduc-
ing security risks. Generally, the divergence angle of an electromagnetic wave is proportional to its
wavelength and transmitter aperture size follows [29]

A
Opiv o< D
where 6p;, is the divergence angle, )\ is the carrier wavelength and D the aperture diameter. Here it
can be seen that in order to decrease the beamwidth the aperture or antenna must be made larger.
This can be impractical in cases where size or cost are a limiting factor.

(2.2)
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While for lasers the Shannon-Hartley capacity theorem also applies, the higher frequency range
of existing laser sources [30], 10° to 10® Hz, allows for much higher modulation frequencies leading
to a larger bandwidth. Laser beams also diverge less due to this higher frequency as they share the
proportionality of the divergence angle in equation (2.2).

The narrow beam divergence and small wavelengths of lasers requires systems with very precise
component alignment and the ability the accurately steer both in- and output beams. An example of
such a system is represented by the block diagram of the ETS-VI's Laser Communication Equipment
(LCE), shown in figure 2.1.

Up Link
4Bum "l
0.514 yMm _ pown Link | Point 3 J Expander \.-LD1+ 2
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~Assemb, Beam ~
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(76mm) Cont
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2 3 1
7 1
3 h
Data
5 |
Gimbal Coarsae FPA Fine Pracega_l
Contraller - ccb 3 Controllar | 4QD

I

TT&C

Figure 2.1: ETS-VI LCE system block diagram adapted from [5]

First observing the down link path, indicated by the white arrow and blue numbers: an electrical sig-
nal is sent from the data processor to the modulator. In turn, this modulator will cause one of the diode
lasers to emit an optical signal. This beam has is then processed in the beam expander, achieving the
desired beam width and divergence angle. Next, the beam passes through the Point Ahead Assembly
and the Fine Pointing Assembly, both systems which use moving parts and feedback loops to deter-
mine and steer the direction of the beam. This direction is determined by the data processor dependant
on relative velocities between transmitter and receiver. Finally, the beam is further expanded and sent
out by use of a gimbal mirror.

The up link path, shown by the black arrow and red numbers, is somewhat similar, but in a reverse
order: the incoming beam is contracted by the telescope and then split and redirected to the coarse
Charge Coupled Device (CCD) and the fine Four-Quadrant Diode (4QD) (both optical detector types).
These sensors detect the position of the beam and guide the moving parts to steer the beam onto the
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Avalanche Photodiode (APD), where the signal is transformed into an electrical one and demodulated.

Most optical communication setups can be divided into three groups according to their function:
Signal generation/detection, beam steering and beam manipulation. While this paper will not delve
into signal generation (modulation) or beam steering, beam shaping will be integral to the setup to be
experimentally verified.

2.3. Challenges in FSOC

The design and operation of FSOC systems is influenced by certain limitations and challenges, some
unique to FSOC and some not. While general sources of challenges will be discussed below, this paper
will emphasise the research into the influence and mitigation of spacecraft-induced jitter and thus this
source will be given its own separate section in section 2.3.2.

2.3.1. General

For most spacecraft design aspects the thermal radiation environment in space is an important factor.
This radiation can come from a large number of sources and is highly dependent on time and loca-
tion. For a spacecraft in orbit around the Earth the main sources are the Sun and the Earth itself. The
first issue this radiation can cause is thermal loading and imbalance. Many components in an FSOC
system require precise positioning and are susceptible to thermal expansion [31, 32]. This expansion
can cause misalignment or even damage components, and could also come from heat transfer of the
spacecraft and its systems themselves. Misalignment of components can cause a loss of communica-
tion performance, in the form of a decreased signal-to-noise ratio or an increased probability of power
outage at the receiver, both of which are important communication characteristics.

A second issue with the radiation environment in space is that this radiation (light from the sun for
example) can enter the receiver aperture and thus false positives or over-exposure can become issues
in extremely fine-tuned systems [33].

Both of these effects are investigated, however they are not exclusive to FSOC, so they will not
be treated here. Similarly for the atmospheric effects, while the atmosphere has both absorptive and
scattering/wandering effects on a laser beam [34, 35], its influence on the chosen FSOC system will
be outside of the scope of this project.

As with any optical system, FSOC systems come with their inherent issues. Operational errors are
unavoidable, can come from a large variety of sources such as limitations on alignment and manufac-
turing or inherent losses due to material interaction and can have significant effect [36, 37, 38, 39].

2.3.2. Jitter

A large influence on the FSOC system design is vibration of the spacecraft. Due to moving parts,
thermal load imbalance, gravitational variation and other factors, a satellite is never truly motionless.
This resultant motion consists of both drift, which can be countered by attitude control, and jitter. Jitter
consists of stochastic, medium-to-high frequency micro-vibration motions, ranging from 1 Hz to 1 kHz
[31]. These are caused by moving components such as momentum wheels or steering mirrors. The
multi-layered nature of jitter has been studied by intensive in-orbit measurements, showing that the
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distribution of vibrational frequencies is highly spacecraft dependent [40, 41, 42].

While these vibrations might seem small, the large distances over which inter-satellite FSOC occurs
mean that even a tiny angular error can cause fluctuations in received power or for the beam to miss its
target entirely. When using a Gaussian beam, typical for FSOC, figure 2.2 illustrates how any pointing
error in physical space causes the centre of the beam to move away from the receiver and decreases
the measured intensity from its peak in point 1 to a lower value in point 2.

I [W/m2]

Al

X [m]

Figure 2.2: Instantaneous pointing error at the receiver (Az) leading to a lower measured intensity (AZ) and thus power.

A lower received intensity and power can reduce the communication performance of the link be-
tween transmitter and receiver by causing bit errors or, if a low enough threshold is crossed, complete
power outages. These two occurrences are major performance characteristics in any communication
system, and are usually expressed as a percentage or probability. In this form, they are known as
Bit Error Rate (BER), the percentage of bits being wrongly read as having the opposite value, and
Power Outage Probability (POP), the probability of having a BER so high that the countermeasures in
place such as bit error correction algorithms start to fail. Much work has been performed in minimising
both of these metrics by optimising different aspects of the transmitter or receiver architecture, such
as total beam power, beam divergence, receiver aperture, modulation algorithm, etc.[43, 44, 45, 46, 47]

Of special interest to this paper is a theoretical solution presented by Badas et al., where instead of
a standard Gaussian laser beam, the intensity profiles of different types of stable beam shape families
are investigated [1]. In figure 2.3 it is shown that for an arbitrary intensity profile a pointing error does
not necessarily lead to a decrease in received signal power. This can then result in both a decreased
BER and POP and thus a more stable connection for the same total beam power. However, this
redistribution of power does result in a lower peak intensity and thus has to be taken into account for
receiver sensitivity.
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Figure 2.3: "Generic far-field irradiance distribution in the receiver’s aperture plane for a de-centred beam. a and b are the inner
and outer radius of the aperture and r¢ is the instantaneous pointing error in meters.” Image and description taken from [1].

The instantaneous pointing error due to jitter has been shown to follow a Rayleigh distribution, being
a combination of independent Probability Density Functions (PDFs) in elevation and azimuthal angles
[46]. The intensity profile of the beam within the receiver aperture area can then be combined with
these PDFs to achieve a time-independent distribution of the received power [1]. From this distribution
the average BER and the POP can be obtained, and iterations can be made to find the optimal intensity
profile. This process is illustrated in figure 2.4 where (a) shows the intensity profile in two dimensions
and (b) is the power collected as a function of pointing error . (c) shows the PDF of the jitter expressed
as a pointing error between the desired and actual centre of the beam. These can then be combined
and integrated in (d) into the received power PDF, which below a certain threshold will result in a power
outage.

100 A
- i
b e T
—1000 = (d)
—1000 0 1000 0 10!
x [m] U 500 1000 1500 1ot
T [m] =
((_5) g2
1072 _
6 - 1020
'S 4 .“".L h x107%
2 \
2 .‘I‘I N
."‘. A
( 200 400 600
g [m]

Figure 2.4: General process for obtaining the POP from an intensity profile (a) and the PDF of the pointing error (c), resulting
in the received power as a function of pointing error (b) and finally in the PDF of the POP. Figure taken from [1]
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While other papers have proposed the use of Bessel or Airy beams [48, 49, 50] for spatial mode
multiplexing, mitigation of propagation medium turbulence and other objectives, the paper by Badas
et al. proposes the use of a superposition of orthogonally polarised Gaussian and Laguerre-Gaussian
beams to mitigate jitter-induced communication errors and further proposes a mock-up setup of how to
achieve such a beam, shown in figure 2.5. This proposed setup will be the starting point for creating
an experimental setup to validate the results from the theoretical paper.

-
&
A h

Figure 2.5: Proposed system from [1].

This proposed system starts from a linearly polarised, Gaussian laser source, followed by a rotatable
Half-Wave Plate (HWP) to change the polarisation state. The beam is then split into two orthogonally
polarised beams by use of a polarising beam splitter. One of these beams then encounters a Spiral
Phase Plate (SPP), which is assumed to transform a zeroth order Gaussian beam into a higher or-
der LG beam carrying Orbital Angular Momentum (OAM). From here both beams are then once again
brought together using two mirrors and another polarising beam splitter. This superposed beam then
travels on to the sensor.

It is important to note that for most of the duration of this project, the assumption was made that an
SPP would transform an impinging Gaussian beam into a pure LG one. This assumption was made in
the original paper, as well as seemingly in a number of other papers where it was either not stated or
omitted [51, 52, 53]. However, this assumption turned out to be wrong, as the beam produced by an
SPP is instead an infinite superposition of LG modes [54] which closely resembles the pure LG beam
of the same charge as the SPP. The majority of the work in this thesis was performed using said as-
sumption, however a detailed discussion on the obtained beam shape will be given in section 5.3. To
distinguish from the LG beam, the beam obtained from the SPP will from here on be called vortex beam.

To ease future representation of how this setup evolves, it can be divided into three functional blocks:
beam preparation containing the source and the HWP, beam shaping containing the beam splitters and
the SPP, and beam output containing the sensor, shown in figure 2.6.
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7. Sensor

Figure 2.6: Diagram of proposed setup

The core component of this whole system is the SPP, which can impart OAM upon an incoming beam
by making use of differential phase retardation. Orthogonal to the beam propagation axis an SPP has a
spiral-shaped element which over an angle from 0 to 27 /¢ increases the phase retardation of the beam
passing through. A continuous spiral would result in a local phase retardation of A¢ = £6 with 6 being
the azimuthal angle, however due to manufacturing limitations on continuous height increase, this is
most commonly done by using a spiral staircase increasing the thickness, as shown in figure 2.7 such
that the local phase retardation follows equation (2.3).
2
A¢p = T(nSPP —no)t (2.3)
where t is the local thickness of the steps, dependent on azimuthal angle and the amount of steps per
staircase.
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Figure 2.7: SPP of charge ¢ = 1, image taken from [55].

The total height h of these spiral staircases is determined by the material of the SPP, the operating
wavelength and the required charge of the SPP following equation (2.4) and is equal to the number of
steps per staircase times the height increase of each step. The charge of an SPP also determines the
amount of times this staircase pattern is repeated.

P (2.4)
nspp — No

Other than SPP’s, other options for generating vortex beams include spiral phase mirrors [56], which
are reflective versions of SPP’s, and spatial light modulators [57], pixelated screens where the individ-
ual pixel’s optical properties can be adjusted.

The component which will determine the polarisation state of the beam, and thus the fraction of vor-
tex beam to Gaussian beam is the HWP. This is a type of birefringent device that has different indices
of refraction between orthogonal polarisation components of light, effectively altering the polarisation
state of the beam. For linearly polarised light, the rotation of the polarisation direction is twice the angle
between the incoming polarisation direction and the fast axis of the HWP [58].

The second component which deals with polarisation are the polarising beam splitters. Non-polarising
beam splitters work by partially reflecting incoming light and partially transmitting it, with the refraction-
transmission ratio dependent on the materials used. A polarising beam splitter however reflects or
transmits light based on its polarisation state. Depending on the convention, a polarising beam split-
ter could reflect horizontally polarised light and transmit vertically polarised light or vice versa. In this
setup, one is present to split the beam into two and will be called the Polarising Beam Splitter (PBS)
and another is present to superpose the beams, to be called the Polarising Beam Combiner (PBC).

One of the main conclusions of the theoretical paper is the power saving potential of using the pro-
posed Laguerre-Gaussian beam combination over standard beams. Depending on the specifics, up
to 20 or 40% less power is required to achieve the same BER and POP. This is only when looking
at the output however, as the generation of these beams will require extra components not used in
traditional systems. These components carry their own transmissive or reflective losses which could
counteract these theoretical gains. Thus a major research question to be answered is: Do the added
components introduce losses that are greater than the predicted gains?
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A major component of the experiment will be beam shaping, which in this case specifically means
to transform the intensity profile of an incoming beam into a different profile for the outgoing beam. The
next section will therefore present beam shaping methodologies and the theory used.

2.4. Principles of beam shaping

To achieve a beam intensity profile other than the Gaussian beam, which is the fundamental mode of
most laser cavities [59], one can make use of a number of methods such as truncating, (partial) reflec-
tion, refraction and diffraction [60]. To achieve the desired beam shape, high precision and accurate
alignment is required.

Truncating is a beam shaping method where part of the beam is obstructed. Most often this is done
by placing an iris or a pinhole in order to only allow the centre of the beam to continue. This can resultin
an intensity distribution which is nearly uniform over the cross section [61]. Restricting the beam in this
way can also lead to a diffraction pattern and the formation of Airy discs [62]. An experimental example
of the Airy pattern at the focal point is shown in figure 2.8. Aside from these Airy patterns, clipping also
means losing a potentially significant amount of the beam’s energy, making it an unattractive method
where power is a driver.

Figure 2.8: Airy diffraction pattern, image taken from [63].

The second beam shaping method is by use of Refractive Optical Elements (ROE). These elements
have in common that they make use of Snell’s law of refraction, where optical path length a wavefront
encounters changes when transitioning from one medium to another. This change in path length is in
proportion to the ratio of the refractive indexes of both media. One of the most common ROE is a lens,
as shown in figure 2.9. These elements often use varying material thicknesses in order to alter the
intensity profile of an incoming beam.
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Snell's Law

n,sin 6, = n, sin @,

n, n,

Figure 2.9: Snell's law applied to a lens, image taken from [64].

For beam shaping, some of the most notable ROE are aspheric beam shapers (from Gaussian to
top-hat, [60]), axicons (from Gaussian to Bessel beam, [65]), SPP’s (from Gaussian to vortex, [55]),
spatial light modulators (holograms created by phase-controlled liquid crystals, capable of producing
a large number of states, [57]) and bi-refractive elements such as wave plates which carry different
refractive indexes dependent on the polarisation state of incoming light. Figure 2.10 shows how light
is refracted through an axicon.

/

Figure 2.10: Light rays travelling across an axicon, image taken from [65].

The last commonly used method for beam shaping is through the use of Diffractive Optical Ele-
ments (DOE). Instead of refraction, these elements use diffraction caused by microscopic structures
on the substrate [60]. This means that the use of these elements is highly specific and their optical
characteristics are more dependent on operating wavelength and their specific shapes tend to require
the incident to be accurately aligned, but in return they offer high spatial efficiency and allow for the
creation of complex beam shapes [66]. One downside for FSOC is that they are often not stable prop-
agation modes and will deteriorate when beyond their working distance [67]. DOEs can generally be
divided into two categories: beam splitters, which split the beam into a number of smaller ’beamlets’
and beam shapers, phase elements transforming the input into uniform spots along a predetermined
intensity distribution. Figures 2.11 and 2.12 show result from different diffractive beam splitters and
shapers.
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Figure 2.11: Different beam splitter spot distributions, left to right: 5 x 5 array, random, hexagonal array, circle. Image and
caption taken from [67].

Figure 2.12: Results of different beam shapes, left to right: homogenizer, top-hat, vortex lens, and diffractive axicon. Image
and caption taken from [67].

To experimentally verify the setup proposed in [1], proper beam shaping will need to be achieved.
An important questions to analyse will be: How closely does the output of the experimental setup
match to the simulations? Alongside this, similar analysis should be performed on the experimen-
tally obtained intensity profile to ask: Does the communication performance of the experimental
output match the theoretical performance? Only then can a determination be made on whether the
proposal results in a more robust system with a lower power requirement, even over the added amount
of components. If possible, the resulting system can then be expanded to include a jitter simulating
section to completely determine the potential benefits of non-Gaussian beam shapes under spacecraft
conditions.

To be able to compare the eventual measurements to a simulation however, proper understanding
of the theory behind the simulation and propagation of light is a priority. Therefore, the following section
will introduce the most pertinent beam shape families and their characteristics.

2.5. Beam Shape Families
For FSOC, it is imperative to have a beam profile which remains consistent regardless of propagation
distance, such that the relative shape of the beam does not change. This is required as distance
between transmitter and receiver can vary significantly, and precise knowledge of the beam profile at
the receiver is needed for proper communication. Physicists have derived stable families of solutions
to the paraxial wave equation (2.5), governing all light waves travelling along a dominant axis.
ViU—ijaa—Z =0 (2.5)
Where U(z,y, z) is the complex scalar wave amplitude field, and is related to the electrical field as
E = Uexp(j(kz — wt))ii where 7 is the unit vector of the field, k is the wave number 2r, 7 is the main
propagation direction and V , is the transverse Laplace operator.

As stated, there exist several solutions to this equation, each using different coordinate systems.
The following sections will cover a few of the notable families of solutions, giving the derived electric
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field equation, their intensity distribution, important characteristics/uses and how they are generated.
Many of these families carry unique characteristics which make them suitable for the application in
multiple fields.

2.5.1. Laguerre-Gaussian Beams
Laguerre-Gaussian beams (LG beams) are part of a beam family that uses the cylindrical coordinates
r, 8 and z, yielding the solution

Bpilr0,2) = O s (f)) ‘f' o <w2<>) P (‘wu)

kr?
—jkz —j—— 4+ (2 1 2.
exp (ks igp— +to+ i+ |+ DU (26)
where:
* C'is a normalization constant;
. Llf‘ is the generalized Laguerre polynomial;
* wy is the beam waist;
* R(z) = z[1 + (22)?] is the radius of curvature with z5 the Rayleigh range zp = ”T“g;

+ (is the azimuthal index or charge and can be any integer;
* pis the radial order and can be any integer > 0.

* ¢(2) is the Gouy phase shift defined as arctan()

The plots for this equation with varying charges and orders are shown in figure 2.13.
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Figure 2.13: Plots of LG beams for varying indexes and orders. Top row from left to right shows (p, ¢) = (0, 1), (p,¢) = (1,0)
and (p, £) = (2,0), while bottom row shows (p, £) = (0,2), (p,¢) = (1,1) and (p, £) = (2, 2). Image generated in Python.



2.5. Beam Shape Families 16

LG beams are sometimes denoted as LG, ¢, to specify the order and charge they carry. One of
the main characteristics of LG beams is their rotational symmetry and the OAM, which will introduce a
torque upon any element placed within the beam path [68]. The main goal when generating a higher
order LG beam is imparting OAM onto the incoming beam. SPPs and SLMs accomplish this by spirally
increasing the thickness or refractive index, while vortex retarders use a polarisation technique where
the fast axis rotates continuously over the area of the element [69]. More detailed information will be

given in chapter 4.

Due to their OAM, LG beams are used in optical tweezers as ring traps or utilising their spinning
nature [70] or as carriers for optical communication, as the order and index give rise to a new degree
of freedom for multiplexing [71],both in classical and quantum communication [72].

2.5.2. Hermite-Gaussian Beams
Hermite-Gaussian Beams (HG beams) are similar to LG beams, however here Cartesian coordinates

are used, yielding the solution in equation (2.7) [73].

Hyp (222) H, (L24) <_x2 (+)y>

exp (—j [kz —(1+n+m)y(z)+ WD (2.7)

Em,n(ajy Y, Z) = C("vUO

where H,, and H,, are Hermite polynomials with m and n the mode indices representing the number
of nodes in horizontal and vertical directions respectively. The other components have been defined in
previous sections. Figure 2.14 shows the plots of various HG beams.
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Figure 2.14: Plots of HG beams for varying nodes. Top row from left to right shows (m,n) = (0, 1), (m,n) = (1,0) and
(m,n) = (2,0), while bottom row shows (m,n) = (0,2), (m,n) = (1,1) and (m,n) = (2,2). Image generated in Python.
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HG beams are the fundamental modes in rectangular laser cavities [74], and can relatively easily
transformed into other beam shapes such as Ince-Gaussian or LG beams. Furthermore, the multiple
peak intensity nodes make HG beams suited for optical trapping at multiple spots [75].

2.5.3. Ince-Gaussian Beams
Ince-Gaussian Beams (IG beams) assume a solution using elliptical coordinates ¢ and 7. The solution
then yields the electrical field shown in equation (2.8) [76].

Wo

Byn(Cone) = (i, 0y ) owp (——r Yoo (3 (ke b g~ 41006 ) ) (28)

w(z)
Where the undefined elements are:

* S, is an Ince polynomial of order p and degree m (p and m must have the same parity such
that (—1)»~™ = 1 and obey 0 < m < p for odd Ince polynomials and 1 < m < p for even Ince
polynomials);

s €= %2 called the elliptical parameter with f the semi-focal separation;

+ ¢ and 7 are the radial and angular elliptical coordinates respectively (¢ € [0,00), n € [0,2m)),
defined as = = f cosh({) cos(n), y = fsinh({) sin(n);

IG beams are a type of middle point between HG (in Cartesian coordinates) and LG (in cylindrical
coordinates) beams. Where the elliptical parameter goes to 0, the IG beam approaches the LG solution,
and the HG solution where ¢ — oo [77]. Plots for this equation for varying p and m are shown in

figure 2.15.
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Figure 2.15: Plots of IG beams using different values for p and m,w, = 3 and e = 2. From left to right, the top row shows the
plots for (p,m) = (0,0), (p, M)even = (1,1) and (p, m)oqq = (1,1). The middle row shows plots for (p, m)even = (2,2),
(p, M) odd = (2,2) and (p, m)even = (3,3). The final row shows the plot of (p, m),qq = (3, 3). Image adapted from [78].

Interesting to note is that when both p and m are zero, the resulting intensity distribution becomes
what is called the Gaussian mode. This is the fundamental solution to the paraxial wave equation which
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minimizes both divergence and transversal extension [68]. Due to all three discussed beam families
using the same solution method, it is a fundamental mode which shows up in all of them.

Its expression in cylindrical coordinates follows

2 2

W r . . kr .
EGaussian(r, 0, 2) = C’w exp <_u;2(,z)> exp (—zkz — zm + zz/J(z)) (2.9)

and its intensity profile is shown below in figure 2.2.
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IG beams can be generated by use of holograms [79] or as a fundamental mode of specific res-
onators [76]. They have found uses in quantum communication, optical communication and storage,
medicine and optical trapping [80, 81, 82, 83, 84].

With this information, all is in place to start the experimental process to implement the proposed
setup [1]. First a simulation tool will be made to predict the outcomes of the setup and to later verify
its output. This verification will be aided by an analysis tool, both of which will be explained in the
next chapter. Before this, it can be enlightening to clearly restate the research questions which will be
answered during the course of this project:

* Do the added components required for beam shaping introduce losses that are greater
than the predicted gains?

* How closely does the beam shape of the output of the experimental setup match to that of
the beam propagation simulations?

* Does the communication performance of the experimental output match the theoretical
performance when subjected to similar calculations as used in the original paper?



Simulation and Analysis Tools

To validate any experimental setup, it first has to be modelled in a simulation. This simulation allows for
comparison of the simulated outcome against experimentally obtained values. For this experimental
setup, Fourier propagation optics was studied to understand an optical propagation program written by
Mr. Aldecocea. This program was then adapted such that it reflects the order and location of compo-
nents in the experiment. Furthermore, capabilities were added with the goal of eventually performing
a sensitivity analysis which could in the future allow for easier problem solving. Finally, a separate
program was written to read the experimental and/or simulated data and analyse the obtained results.

3.1. Setup Simulation using General Fourier Optics

At its core, Fourier optics works by expressing the initial electric field perpendicular to the beam’s prop-
agation axis and finding its state at any arbitrary z position as a superposition of plane waves [85]. The
beam is then propagated and when an optical component (lens, mirror, ...) is encountered, its phase
effect on the electric field is added.

In practice, the different states of the electric field is represented by matrices, and the various com-
ponents the beam will encounter are then represented as phase screens or matrices dependent on
component type and specific parameters. For example, a thin lens will introduce a quadratic phase
factor shown in equation (3.1) [86].

Tirs(,1) = o0 (i 1" + 7)) 3.1)

The electric field is then sequentially multiplied by these phase screens and allowed to propagate.
This propagation is essentially a solution of the Rayleigh-Sommerfeld diffraction integral over some
distance z [87], equation (3.2). This integral takes a lot of computational time however and so multiple
approximations have been derived from here. Two notable ones are the Fresnel approximation and the
Fraunhofer approximation, both of which assume that the propagation distance = in the diffraction inte-
gral is very large. The approximated integrals for Fresnel and Fraunhofer are shown in equation (3.3)
and equation (3.4) respectively, where F denotes the Fourier transform [88].

E(z,y,z / / Eo(x ZeXp(ﬂ”)d 'dy’ (3.2)
7k z +y . ’ /
EFresneI( x,Y,z ) P (J (])—\:’( 2 )) va {E0($/7y/) exp <W>} ()\i /\i) (3.3)
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EFraunhofer(xa Y, Z) ~

here F, represents the electric field in the input at z = 0.

Another method of propagating light is done by the angular spectrum method, where the electric
field is decomposed into plane waves [89]. All mentioned methods use Fourier transforms in their im-
plementation and are thus part of what is commonly called Fourier optics.

An additional strength of Fourier optics is that aberrations in components can also be represented
as phase screens, which would take the form shown in equation (3.5). This allows for implementation
of a sensitivity analysis on component placement and alignment.

Taber(xa y) = exp (¢aber(177 y)) (3.5)

For this project the phase screen of an SPP is especially important. This component will be ex-
plained in more depth in chapter 4, but for the simulation it is important to know that the physical com-
ponent consists of a transparent plate with stepwise spiral staircases on top (figure 2.7). The amount
of staircases is dependent on the charge of the SPP, but each one consists of a number of steps and
has a total step height dependent on the wavelength and the material used.

This component is simulated by the propagation program by calculating the local phase delay
caused by light travelling through a different medium, with a local variation in height representing the
steps, shown in equation (3.6). The outgoing electric field is then calculated using equation (3.7).

2
A = = (n = no)oca (3.6)

Eout = Ein exp (]A¢) (3-7)

here n is the refractive index of the SPP material and ¢, is the local height of the steps which is
dependent on the azimuthal angle and charge of the SPP. The phase screen of an ¢ = 2 SPP can then
be shown to look like
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Figure 3.1: Phase screen of an SPP of charge 2
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3.2. Polarisation in Fourier Optics

The proposed experimental setup makes use of orthogonally polarised beams to accomplish its beam
shaping and superposition without inducing interference. In order to introduce polarisation states and
polarising components to the Fourier method, Jones calculus must be considered. In Jones calculus,
the electric field is represented as a vector state of fields depending on their polarisation state, shown
in equation (3.8) [90].

E(x,y) = (3.8)

E.(z,y)
Ey(x» Y)

This vector will have complex components for elliptically or circularly polarised light, and only real
components for linear polarised light.

Similar to refractive components, polarising components will multiply the field by a transformation
function, the Jones matrix [91]. For example, an HWP aligned with the horizontal direction as the fast

axis has as its Jones matrix
{1 0
Juwp = J 0 (3.9)

—1

3.3. Functional Flow of the Simulation Tool

From the theory in both the chapter and the section above, an optical propagation program was written
by the author of the preceding paper, Mr. Badas [1]. Parts of this program were altered and expanded
upon in order to have it represent the setup to be built in the lab. The final version of the program
operated following the steps shown in figure 3.2.

1. Determine 2. Gaussian input at
input/output g‘rld size the source 3. Apply polarisation
and spacing

6. Combine fields and
construct Intensity
field

Y

4. Apply component
phase screen

5. Propagate

In step 1 the grid size and spacing for both the in- and output are determined according to four
conditions which must be fulfilled when using Fresnel propagation [92]. These conditions arise from
propagation geometry and restrictions on facets such as sampling.

Figure 3.2: Flow diagram of the simulation tool
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where subscripts 1 and 2 refer to the input and output grid respectively, § is the grid spacing, N is
the sampling amount, D is the grid size, Az is the propagation distance and R is the radius of curvature.

From these conditions the grid spacing (or pixel size) for both the input plane and the output plane,
as well as sampling amount are determined. This information is then used to construct all the grids
which will be required. These grids take the form of a three dimensional matrix (2 x N x N), such as

A=A AL (3.14)

where A and A, are both matrices of dimension (N x N) representing the two orthogonal polari-
sation states.

One of these grids is the input, where a Gaussian beam is then constructed following equation (2.6)
setting both p and ¢ to 0. This Gaussian beam is then rotated by a Jones Matrix in order to obtain the
desired polarisation state at the input. Following this, a cycle of applying component phase screens
and propagating the beam takes place until the setup has been followed through.

Finally, the polarisation fields are vectorially summed and the resulting modulus is squared, resulting
in the intensity field. This intensity field is then plotted and saved for later use in the analysis program.

Input Propagation Propagation Output

Phase screen

Figure 3.3: Simplified simulation process from in- to output

3.4. Sensitivity Analysis

In general, the sensitivity analysis of an optical system will include its response to two types of mis-
alignment: displacement and rotation. Displacement is the non-optimal placement of a component in
(z,y) coordinates, such that the component’s principal axis does not coincide with the beam’s desired
propagation axis, which is the z axis. Components can also be misaligned in tip or tilt angle (rarely in
roll, as most components are functionally radially symmetrical). Some components might not change
their output under these conditions (such as neutral densities), but most refractive components will pro-
duce a worse result [93]. Another potentially important effect that misalignment can cause or worsen
is scattered light reflected by a component, which in complicated optical systems can cause cross-talk
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between components. However, this aspect will not be investigated in this paper.

In order to characterise the system’s response, three main changes can be made: The grid can
be displaced to simulate a component being at the wrong (z,y) position, the propagation distance
can be altered to simulate a component being at the wrong z coordinate and a phase error screen
Terror = €Xp(jk(0z2 + 6,y)) can be added to simulate tilt or yaw errors [94]. For this last point, it is
important to also include an (z, y, z) displacement to the grid, since rarely does rotational misalignment
occur along the primary axes of the component due to the mount. This functionality was mainly used
to simulate errors in aligning the SPP.

These techniques make it possible to determine the most sensitive component and to later cross-
reference the results in order to further refine the experimental setup. Figure 3.4 shows an example of
applying displacement and rotation on the SPP.
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Figure 3.4: Simulated rotation and displacement of the SPP

From this image, it can be seen that in order to properly distort the beam, large amounts of angular
misalignment need to take place, while only small amounts of linear misalignments already have a
large impact on the vortex beam profile. These findings will be compared to the experimental results
and verified in chapter 5.

3.5. Measurement Analysis Tool

The main use of the measurement analysis tool is to read and compare one set of data to another such
as experimental data to simulated data or simulated data to pure LG beams, as well as estimate certain
beam characteristics.

All measurements and simulations were stored as tif files, with a consistent naming and storage
location scheme. This allows the program to easily find, read and store the data as a large array. Along-
side this array, the name of the file also helps assign information such as dataset and the value of the
specific variable said dataset aimed to investigate (orientation of the HWP for example).

After a measurement is loaded, it is first normalised such that its integral is equal to one (given that
the data is of intensity fields, the contained power will be one). Then, depending on the comparison to
be made, a second data point is loaded or an vortex beam profile is generated.



3.5. Measurement Analysis Tool 24

The generation of this vortex beam is done in two ways, depending on HWP orientation: When the
expected location of the peak intensity lies at the centre of the beam, a curvefit [95] operation is called
to return the centre coordinates and beam waist which produce the best match with the function for the
combined intensity of a Gaussian beam and a LG beam using equation (3.15).

Ttotal = 7spp €082 (20hwp) Ivortex + Sin” (20nwe) I (3.15)

where I,otex and Ig are given by equations (3.16) and (3.17), which are simplified and normalised
versions of the general equation (equation (2.6)) for LG beams with p = 0 (and ¢ = 0 for the Gaussian
beam), fuwe is the orientation of the HWP and 5spp is the transmission efficiency of the SPP.

20¢|
2 —2r2
Fuortex = C18 <fw7"> exp ( wf; ) (3.16)
_ 2
Is = CS exp ( j;" ) (3.17)

This method works best for measurements and simulations where the Gaussian beam is dominant,
such that the maximum intensity peak lies at the centre of the beam. Where the vortex path dominates
however, imperfections in the setup and an undeveloped beam (to be explained in Chapter 5, but
demonstrated in figure 3.6) can cause the curvefit algorithm to return a beam waist which does not
match with reality. To reduce this issue for HWP orientations beneath a certain threshold a new function
was used which matched the location of the maxima of the data with the maxima of equation (3.15),
found by differentiation. The results are shown below.
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(a) Horizontal slice showing measured data compared to an LG (b) Horizontal slice showing measured data compared to an LG
beam using the curvefit function. beam obtained by matching the maxima.

Figure 3.5: Horizontal slices showing the effect of matching the peaks of a normalised LG beam to the obtained data, for an
HWP angle of 13.5°.

To remove the influence of irregularities in the setup which would cause local peaks to be shifted,
this operation was done on one-dimensional slices of the intensity profile, rotated around a previously
determined central point. The average of these beam waists was then used as the true waist, and the
deviation can be used to show potential ellipticity or other errors present in the beam.
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(a) Vortex beam simulated with z ~ 4m (b) LG beam with z = oo

Figure 3.6: Intensity profiles showing the simulated beam on the left and an LG beam on the right

When the relevant data has been loaded and the vortex beam has been estimated and generated,
the program then calculates the coefficient-of-determination, k2, by use of equation (3.18).

[(I — I1)%dA
JI#dA
where subscript 1 detonates the baseline data and subscript 2 the data to be compared to said base-

line, dA refers to the area covered by each individual segment” of the profile, in this case a single pixel.

R*=1- (3.18)

This equation was once again used on each slice of the data to be analysed, resulting in a list of R?
values corresponding to angular orientation. For these values a 0 represents a dataset being compared
to an empty field and 1 means a perfect match. Finally, the program plots the relevant intensity profiles
and returns the average R?, beam waist and centre coordinates.



Setup and experimental process

Parallel with the simulation and analysis programs, the physical setup was constructed in the lab. This
was a process which occurred in multiple phases and required knowledge on the available components,
how they function and interact with one another, what physical limitations mean for the system and
how proper alignment is done. At first, a rough simulation program was constructed to obtain first
order estimations of the optical power and intensity distribution throughout the system proposed in the
precursor paper, giving an estimate of what will be required of the various components. Then a list of
required components was compared to those already available to determine which components were
missing and what operating variables such as beam size, wavelength, source power, etc. would be
best for the project to come.

4.1. Initial radiometric budget

To start implementing the proposed setup, a number of components would have to be acquired. Deter-
mining which components were appropriate was done by the use of a radiometric budget estimation
program. This program was created with the goal to determine what the intensity profile and beam
power would look like at various positions in the setup given a combination of component transmissivi-
ty/reflectivity, source power and sensor pixel sensitivity.

The angular position of the HWP’s fast axis with respect to the horizontal plane could be adjusted
to effectively give a ratio of the beams transmitted and reflected by the PBS. Finally, the sensing area,
pixel size, full-well capacity and quantum efficiency of a sensor can be used to determine whether the
individual pixels could detect the local intensity.

The program thus compared a number of Gaussian and LG beam combinations of various charges
so that a suitable combination of components and polarization states could be determined. Figure 4.1
and figure 4.2 show an example of the plots generated by the program, while table 4.1 shows the
numerical results printed for a combined LGy, and LGy beam where 75% of the beam power is
directed towards the LG, 2 beam path. In a lossless system, the intensity profile would be given by
equation (4.1), where I, g and Ig are given by equation (2.6) with p = 0 for both, ¢ = 0 for the Gaussian
path and the charge of the SPP for the vortex path.

Itotal = €08 (26hwp) I + Sin*(26nwp) I (4.1)

26
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Figure 4.1: Intensity graph of a combined LGy ¢ and LGy > beam.
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Figure 4.2: 2D Intensity profile of a combined LG 0 and LGo,2 beam.

Calculated component Value
Inaz 1.62W /m?
Ir=1.5mm 0.06W /m?
€generated 1431
Imaz,atiow 12.45W /m?
Lin,atiow 0.023W /m?

Table 4.1: Numerical results for a combined LGy o and LGo, 2 beam.

This table shows the calculated maximum intensity, the intensity at a distance such that 90% of
the beam power lies within said distance, the maximum allowable intensity and the minimum allowable
intensity for the sensor.
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4.2. Component selection

Looking at affordable suggested components (Edmund optics for source, Vortex Photonics for SPP
and Thorlabs for sensor and other standard components), important values such as transmissivity or
reflectivity, power ranges, sensitivity and size could be entered to verify if they would work together un-
der different linear polarisation states. This started an iterative process to choose a laser of a desired
wavelength and power, an SPP of a sufficient charge and a sensor which could accurately report on
the beam profile.

Quickly, a few conclusions became apparent:

» SPP: The list of vendors for vortex beam generators was very limited, especially since it had to be
a non-polarisation-dependent component. The provider Vortex Photonics was selected, offering
SPPs for 1” and 2” optics [96]. Given that most of the already available equipment in the lab were
1” optics, that was the size chosen moving forward. The next parameter to be chosen was the
charge. In the original paper [1], charges 1, 2, 3 and 4 were considered, where ¢ = 2 or 3 came
out as the best candidates. The charge and polarisation state would also determine the visibility
of the peaks (higher charge means distant peaks but less intensity) and so charge 2 was chosen.
Later on in the project an SPP of charge 1 was also obtained, also allowing the superposition of
SPP’s to create an ¢ = 3 vortex beam

» Sensor: From the limited list of affordable cameras on Thorlabs, their 1.6 MP monochrome cam-
era (CS165MU/M) was considered the best option [97]. It had suitable sensitivity and pixel size
and was to set up and use. Furthermore, any component not further specified, such as a PBS,
lenses and various mounts that had to be ordered were chosen from Thorlabs’ catalogue, since
Thorlabs components were by far the most abundant in the lab, ensuring future compatibility.

» Source: Given that the sensor chosen had a peak quantum efficiency at around 500-600 nm
wavelengths, a 532nm (green) laser was chosen. The visible light would also make rough align-
ment and problem solving easier. From the available options, a 1mW diode laser produced by
Edmund Optics was chosen [98]. This was the lowest powered laser in its section, but the radio-
metric budget quickly showed that the intensity would be on the order of 2 magnitudes too strong
for the sensor, thus an Optical Density (OD) filter would be a must.

From further discussions, some changes to the setup were proposed. First, as stated above, an
OD filter (a neutral density filter to be specific) had to be used to avoid saturation or even damage to
the sensor. Second, the beam width and divergence of the laser would make the beam far too large
for the sensor area and thus two lenses would be required to construct a beam contractor. Third, the
supervising professor suggested using a pair of mirrors as an adjustable "periscope”, since the laser
did not come with a multi-axis rotatable mount, thus allowing for fine steering of the beam.

After this phase, a list of materials was made and is shown in table 4.2, where the mounts include
the necessary post and holder when not mentioned.
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Component Accessories component reference | Amount
Source cable,mount [98] 1
Mirror tip tilt mount, rotating post holder [99] 4

100mm Lens mount [100] 1

50mm Lens mount, post slider [101] 1

ND Filter mount [102] 1
HWP rotatable mount [58] 1
PBS mount [103] 2
SPP 5-axis kinematic mount [96] 1

Sensor mount [97] 1

Table 4.2: Simplified BOM of first setup

4.3. First setup version

The alterations to the proposed system and selections in components resulted in the revised setup seen
in figure 4.3 and figure 4.4 to be built and tested. Components have to be placed in mounts before
they can be attached to an optical bench. These mounts can be much larger than the components
themselves and have protruding elements such as adjustment knobs for fine alignment. Thus ample
space was left between the components where possible, also indicated in the diagrams.

2a. Mirror
50mm

& 1. Source

150mm

5.ND
75mm I_l 50mm I_l 50mm /‘\ 150mm /‘\ 50mm
6. HWP 4. 50mm lens 3. 100mm lens 2b. Mirror
Beam

Preparation

Figure 4.3: Diagram of first setup beam preparation section



4.3. First setup version 30

8. Sensor

Figure 4.4: Diagram of first setup beam shaping and output section

While the core components of the proposed system remain present in this version, the discussed
periscope mirrors, beam contraction lenses and neutral density filter are all added before the HWP.

Before the construction of this setup, it was expected that the main difficulties would come from the
aiming of the beam and the proper alignment of the lenses. Most issues with the aiming were solved
with the two periscope mirrors, but in order to properly re-collimate the beam, utmost precision in plac-
ing the lenses would be required. A single lens already requires precise placement, as the incoming
beam has to be aimed exactly in the centre and impinge the lens head on. The second lens would then
require the same, in addition to being placed exactly at the distance that is the sum of their focal lengths
from the initial lens. For these reasons it was decided that the lenses would be the driving components
when aligning the system and determining the operating height.

During the setup process many practical lessons were learnt, such as how to mount components
in a way that minimizes tip tilt, how to use back-reflected light to more closely align lenses, how to
use frosted alignment discs and many more. At the end of the alignment process, figure 4.5a and
figure 4.5b were taken, representing the vortex beam path without and with the SPP respectively.
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(a) Image of the vortex beam path without the SPP (b) Image of the vortex beam path with the SPP

Figure 4.5: Images of the vortex beam path with and without SPP

At this point the analysis tool was updated to calculate the R? fit (equation (3.18)) against the equa-
tion for a Gaussian and LG beam for the beam path without and with SPP respectively, shown in

figure 4.6 and figure 4.7.
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Figure 4.6: R? fit of the Gaussian beam path
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Figure 4.7: R2 fit of the vortex beam path

From the images and the fit plots, a few conclusions can be drawn. Regarding the Gaussian beam
path, the averaged intensity follows a close approximation of a Gaussian curve, but a ripple pattern is
present, as well as a peak intensity shift to one specific side. This peak shift was due to a misalign-
ment in the system, potentially at the beam contractor lenses. The ripple pattern seems to be a more
fundamental problem however, as SPPs require accurate Gaussian input to be able to output a proper
vortex beam [104]. Stepwise removal of components shows that the origin of this pattern lies at the
laser source, and the pattern strongly invokes an issue regarding diffraction, spherical aberration or the
overlapping of multiple fundamental modes.As can be seen from the vortex beam image and plot, this
non-Gaussian nature of the beam profile negatively affects the output of the SPP and thus removing
this issue will be at the core of the first major iteration upon the design in section 4.5.

4.4. PBS characterisation

During the period between iterations, characterisation tests on the PBS could already be done. To
decide the placement of the SPP and to characterise the polarisation state of both beam arms, linear
polarisers (LPs) and beam blockers were used at various positions and orientations, in combination
with a simple power meter. As for the alignment convention, it was decided that the direction of the LP
which blocked the least amount of power from the beam before the HWP, corresponding to the source’s
fast axis, would be called the horizontal direction, while the direction orthogonal to this would be called
the vertical direction. First, the total beam power before and after LP1 was measured for orientations
of the HWP at 0°, 22.5° and 45° (with respect to the fast axis of the incoming beam) and for different
orientations of LP1. After this, the beam power right after LP2 and LP3 in figure 4.8 was measured for
varying orientations of linear polarisers at LP1, 2 and 3 (also for no polariser present) and again under
varying rotations of the HWP. The variations of the components are summarised in table 4.3.
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Figure 4.8: Placement of linear polarisers for the PBS and PBC

Component Variations
HWP 0°, 22.5° and 45°
LP1 None, horizontal and vertical
LP2 None, horizontal and vertical
LP3 None, horizontal and vertical

Table 4.3: Relevant components and their states in which the measurements were conducted

These variations gave rise to a total of 63 measurements from which a number of conclusions could
be drawn:

» Polarisation state of source: From measuring the beam power after a polariser in both orien-
tations, the beam consisted of 55.281,W horizontal light and 0.047uW vertical light and no true
zero could be found when rotating the LP freely. This indicated that the beam is elliptically or par-
tially polarised, but the large difference between horizontal and vertical indicates it is very close
to having a linear polarisation.

* HWP characterisation: This might seem somewhat trivial, but the measurements at LP1 for
different orientations of the HWP and LP1 showed that the HWP was able to produce a rotated,
nearly linear beam (due to the source beam not being linearly polarised), with the rotation angle
of the beam w.r.t. the beam before the HWP being twice the rotation angle indicated on the HWP.

+ PBS transmission and reflection coefficients: The total power of the beam after certain po-
lariser states was too low for the available power meter (Thorlabs S121c¢), so a definitive quan-
titative characterisation was not performed. From the different measurements, the transmission
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arm showed a 97.1% efficiency and an extinction ratio of 1900/1. The reflection arm on the other
hand showed 95% efficiency and an 190/1 extinction ratio, consistent with the values reported by
Thorlabs. Due to the transmissivity being higher than the reflectivity, the SPP was to be placed
in the transmission arm.

A similar characterisation was also done for the PBC, with the polariser positions shown on the
right hand side in figure 4.8. From this, mostly the same conclusions were drawn as for the PBS. The
main goal of this characterisation was to confirm whether the polarisation state of the recombined beam
would be as predicted in the setup, which it was.

From the decision of the placement for the SPP, the HWP was realigned such that the transmitted
beam path would be maximum at 0° HWP orientation and called the horizontal direction. The beam
path without SPP would then be at its maximum when the HWP is rotated to 45° and this polarisation
state would be called the vertical direction.

4.5. Modal filtering using optic fiber

After the detrimental ripple pattern was discovered, discussions were held to find a way to filter or re-
move these ripples. Two main solutions were considered: clipping the beam such that only the central
lobe remains or coupling the beam into an optic fiber, which would filter out the unwanted modes.

Regarding clipping, using a pinhole would require finding one which exactly matches the width of
the central lobe at or near the beam waist. This requirement turned out to be difficult to meet with
available components. Additionally, the placement of such a pinhole would likely require a degree of
accuracy which would be very hard to obtain.

As for fiber coupling, this came with new requirements. In order to efficiently couple into a fiber, the
incoming beam would need to have its beam waist match the Mode Field Diameter (MFD) of the fiber,

as well as have its divergence angle match the fiber’'s Numerical Aperture (NA) [105]. lllustrations of
these requirements are shown in figure 4.10 and figure 4.9.

Intensity Fiber

0,
Laser ./086 of Core MED
beam | optical power
Clad
1 Polymer

Figure 4.9: Influence of MFD on fiber coupling, image taken from [106]

The MFD of a fiber is functionally the same as the beam waist is for a Gaussian laser beam, that
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is, the width where the measured intensity is a fraction of e~2 of the peak intensity. The closer the
match between the MFD of the fiber and the beam waist of the incoming laser, the better the coupling
efficiency will be.

Light Acceptance Cone
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Figure 4.10: Influence of NA on fiber coupling, image taken from [107]

The NA of a fibre is a measurement of the maximum angle at which incident light can enter the core
of the fiber and continue propagating inside. This angle forms what is called the light acceptance cone
around the entry point of the fiber.

Usually, fiber coupling is done with the help of a fiber collimator instead of a bare fiber [108], so it
was decided to follow this guidance. Alongside this, given that the divergence of a beam out of a fiber
is quite significant, a collimator would also be placed at the output of the fiber, which in the new setup
would take the position of the source.

To decide the optimal fiber-collimator combination, the two requirements mentioned above need to
be fulfilled (assuming perfect alignment of the propagation axes of the laser and the entrance of the
fiber). Their mathematical representation is shown in equations (4.2) and (4.3).

2wy = ﬂ < MFD (4.2)
D
A
Odiv = —— < N Afiper (4.3)
WO

In equation (4.2) D is the beam diameter at = = 0. From these requirements, it can be seen that
a larger initial beam diameter would give a smaller beam waist, but a larger divergence angle. The
opposite is true for the lens’ focal length. In the case where a collimator receives a collimated beam,
this focal length is the effective focal length of the collimator. The choice was made to include a lens
between the source and the collimator, as the source’s output has a minimum focal length of 200 mm.

A python program was written to determine the spot size and divergence angle given the focal length
of the lens and the effective focal length of the collimator. These two values are then compared to the
MFD and NA of a fiber, and a coupling efficiency is calculated by overlapping two normalised Gaussian
distributions, one with the MFD as its waist and the other with the obtained spot size [109]:

s |fE|gserEfiberdA|2
Teoupling f |Elaser|2dAf | Efiber|*dA

(4.4)

From these comparisons, keeping in mind component compatibility with the operating wavelength,
the fiber chosen was Thorlabs’ 460HP fiber [110] alongside with their F220FC-532 collimator [111]. By
using a 50 mm focal length lens, a theoretical coupling efficiency of 83.09% could be achieved, more
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than sufficient given the overabundance of power available.

Finally, as an output collimator, Thorlabs’ TC12FC-532 triplet collimator [112] was chosen, as this
collimator would produce the highest quality beam (with the smallest amount of aberrations) out of all
available components. The collimator’s triplet lenses also specifically minimise spherical aberrations,
helping evade the issue present before the fiber coupling.

4.6. Final setup
Aside from the placement of the optic fiber components shown in figure 4.11, the beam path after the
PBC was lengthened by using three mirrors at 45° angles in a spiral shape, bringing the path length from
collimator to sensor to about 4 meter, shown in figure 4.13. This was done since during the calculation
phase for the fiber coupling discussions were also held with the SPP manufacturer regarding beam
development and propagation, an important issue which will be explained in section 5.3. Finally, the
half-wave plate was mounted inside of a controllable electric mount to streamline the rotation process
and make it more consistent.

The functionally separated diagrams of the newly proposed setup are shown in figures 4.11, 4.12
and 4.13 while the full diagram is shown in appendix B.

Beam
Preparation
|_| 150mm
< 6b. Mirror
] A
7. HWP
4. Fiber Collimator 3. 50mm lens 2. ND

[\ 150mm |_| s 300mm
50mmU |_| 100mm o

Fiber Optic cable

5. Fiber Collimator

275mm

6a. Mirror

Y

Figure 4.11: Diagram of beam preparation section with fiber coupling
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10. Sensor

Figure 4.12: Diagram of beam shaping with fiber coupling

Figure 4.13: Diagram of beam output with fiber coupling
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With these components, the setup was finalised and measurements could be taken, a picture taken
of the setup is shown in figure 4.15 with labels and arrows pointing in the propagation direction. Dif-
ferent types of experiments were performed, but most important were those measuring the different
ratios of vortex beam and Gaussian beam. These were achieved by rotating the HWP from 0° to 45°
in steps of 4.5°, some examples are shown in figures 4.14a to 4.14e. In addition, measurements were
also taken around the half-wave plate orientation which were predicted to produce the optimum beam
shape for jitter management in the preceding paper [1]. These optima in the paper differ depending on
the charge of the SPP, but typically lie around a HWP rotation of 10 — 20°. This is when the peaks of the
vortex beam and the Gaussian beam have roughly the same value and thus the flattest possible beam
profile is obtained. Thinking back to the reason for choosing a different beam profile in chapter 2, any
displacement away from the beam centre here does not necessarily decrease the measured intensity,
thus increasing communication performance under jitter.

Generally the experiment was performed according to these steps:

1. Power on source and controller for HWP and allow the laser output to stabilise (>15 minutes).
Connect HWP controller and sensor to computer.

2. Turn off all lights and orient the computer screen away from setup.

3. Set HWP at 0° and tune sensor exposure time such that pixels would not be over-exposed for the
Gaussian beam.

4. Set HWP at desired orientation, make desired changes (add or change SPP, add polariser, ...) to
the setup and collect measurement.

5. Repeat until all desired data has been collected.

6. Return HWP to 0° and place setup in baseline configuration. Turn off electronics.

Another type of measurement set important to mention were those those involving interferometry.
Given that the setup already shares a lot of its components and beam paths with common interferom-
eters [113], a grid polariser could be added after the PBC to align the polarisation angle of both beams
and allow them to interfere. The resulting pattern could then be compared to the simulation tool and
used to determine how well the two separate beams overlapped and what their individual polarisation
state were.

Something curious which was observed during the taking of images was the presence of a fringe
pattern. This pattern seemed to originate from the sensor, but only rotation of the sensor around the
vertical axis has any visible effect. At certain orientations the pattern showed a lot of thin lines, while
at others the lines were fewer in number but thicker. It is suspected that the pattern was the result
of an interference phenomenon occurring between the sensor’s protective glass plate and the actual
sensing area, but no conclusive cause was found. Given that the pattern was consistent regardless of
the vortex-to-Gaussian ratio of the beam, it was left as an issue for the future.
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Figure 4.15: Image of the final setup in the lab



Verification and Validation

Although the physical setup and the programs to accompany it have now been constructed, both have
to be verified before their results can be used to draw conclusions. The easiest to verify is the analysis
program, as it uses simple calculations and data reading/comparing functions. Second, the setup is a
physical thing and thus errors in alignment and imperfections in the components must be accounted
for. Finally, the simulation program uses both complex and abstract calculations in order to simulate
electric fields. It will require thorough verification by comparing it with the real world before one can
trust its results.

5.1. Verification and validation of the analysis program

The main procedures used to verify the analysis program were consistency checks and looking at
known or predictable results. Given the large variety of dataset gathered and simulated, it was impor-
tant to ensure that all measurements be read correctly at the right time, and that data types remained
constant. At certain steps throughout the construction of the analysis program, checks were made to
verify whether all datasets were being read correctly and assigned to correct variables.

To validate the calculations performed by the program, such as the generation of the theoretical
beams and the R? determination, sanity checks were applied such as using extremes, nonsensical
values and comparing data to itself to verify that the results made sense.

5.2. Beam waist retrieval

The waist of a beam, wy, is defined as the smallest radius said beam achieves. As seen from equa-
tion (5.1), the radius of a collimated beam at any other point along the propagation axis is dependent
on this beam waist, the propagation distance z and the Rayleigh range zg, which is in turn dependent
on the beam waist and the wavelength.

w(z) = woy |1 + (2)2 (5.1)

ZR
While the triplet collimator acting as the starting point of the system produced a beam with a theo-
retical beam waist diameter of 2.2mm with a full angle divergence of 0.017° [112], some imperfections
in the mounting and fiber coupling could cause this to differ in reality. To find the true beam waist,
simulations were made for a variety of different beam waist of both the Gaussian and the vortex beam
paths. A couple of examples are shown in figures 5.1a to 5.1d. These simulations were then compared
to the measured beams and each R? value was plotted, shown in figure 5.2.

41
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Figure 5.1: Intensity profiles of vortex beams simulated with various beam waists
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Figure 5.2: R? values for the Gaussian and vortex beam paths for simulations of different beam waists

In this plot, it can be seen that both the Gaussian and the vortex beam simulation can produce
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results that match the real measurements well, with R? values very close to one. The values are the
highest for the Gaussian path, to be expected as it is the beam path which encounters the least amount
of components and the Gaussian is already the fundamental mode carried through the fiber into the
collimator.

The nature of the graphs, with the double peaks, also makes sense when one considers that the R
value will also be highly dependent on beam radius, dictated by w(z) seen in equation (5.1). Plotting
w(z) for a variety of different w, shows that at a specific propagation distance, two different beam waists
can result in the same beam radius. This means that the simulations will produce two beams which
look roughly the same, and thus will receive almost the same R? value.

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
wy [mm

Figure 5.3: Beam radius for a given propagation distance and different beam waists

When looking at the R? graphs, one issue that was initially clear was that none of the peaks were
particularly close to the theoretical w, of 1.1mm indicated by the data sheet of the collimator. Another
substantial problem is that the values of wy where the peaks occur for the Gaussian and the vortex
beam do not overlap. While it is to be expected that the values for R? themselves would differ, with the
Gaussian results being better, the w, at which they occur should be the same for two beams originating
from a singular source. The shift in the peaks’ location suggests a lens-like effect affecting the vortex
beam path only or in a different manner as the Gaussian path.

In order to narrow down the possible origins of this effect, a few additional tests were conducted.
First, to see if the SPP itself was acting like a lens of sorts, measurements were taken of the SPP
flipped around the vertical axis by 180°. When compared to the original SPP orientation the R? peaks
occurred at the same wy, seen in figure 5.4. Were the SPP to be acting like a lens, a shift in the location
of the peaks would have been expected.

Measurements were also taken of the setup without the SPP present to completely remove suspi-
cions of the SPP being the culprit of the discrepancy. Once again, in figure 5.5 it can be seen that the
peaks occurred at the same location.
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Figure 5.4: R2 values for the original and flipped SPP orientation for simulations of different beam waists
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Figure 5.5: R? values for the Gaussian and vortex beam path without SPP for simulations of different beam waists

Outside of the SPP, there was no substantial difference in the beam paths, and so the next poten-
tial cause was that the beam exiting the collimator was not perfectly collimated, and that the resulting
radius of curvature affected the vortex beam in a different way to the Gaussian beam path.

Thus, new simulations were made by simulating a thin lens at the collimator, starting a two-dimensional
parameter search for wy and the focal length of the lens f. To obtain initial guess values, a least-squares
search for wy and z using equation (5.1) was performed. z in this case consisted of zpop, the distance
from the collimator, and z¢,, the virtual distance a collimated beam would need to have travelled before
the collimator in order to achieve the w(z) of measurements taken of the Gaussian beam at different
distances from the collimator. From these results, an initial guess for wy of 1.05mm and z., of 3.89m
were obtained. From equation (5.2), the radius of curvature of the beam would have to be around
13.7m, which would equal to a thin, divergent lens with a focal length of 13.7m.

R(z) = = {1 + (Z:‘ﬂ (5.2)
Z = Zprop t+ Zcol (5-3)

Around these initial guesses a grid of simulations was set up for various values of wy and f, and
compared to the measurements in a similar fashion to the original wy-search. Their results are shown
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in figure 5.6a and figure 5.6b, while the product of both R? values is shown in figure 5.6c.
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Figure 5.6: Resulting R? values for varying focal lengths and beam waists simulated

The peak value of the product occurs at f = 12m and wy = 1.1951mm, where the Gaussian beam
simulation shows an R? of 0.996 and the vortex beam shows 0.986. The resulting wy also closely
matches the 1.1mm one indicated on the collimator data sheet, which lends credit to the idea that this
approach might be the correct one.

These checks were also done for different datasets, such as using a different £ = 2 SPP or an
¢ =1 SPP, and all produced similar numbers. Thus going forward, all simulations would be made using
this beam waist and applying a thin lens at the collimator to simulate the non-perfect collimation at the
aperture.

5.3. Propagation and beam development

Now that a matching beam waist and radius of curvature had been determined, the development of the
beam is discussed. During the setup process, the observation was made that after the Gaussian input
had encountered the SPP, the shape of the beam changed depending on propagation distance. This
meant that the intensity profile of the vortex beam was not stable from the start in the same way as the
Gaussian was. Unfortunately, there was not enough space on the optical bench to capture the fully
developed beam and as such the decision was made to ensure the simulation program could match
the developing stages of the beam which could be captured. Then the propagation distance within the
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program could be increased to show what the developed beam would look like.

Figures 5.7, 5.8, 5.9 and 5.10 show the intensity profile of the beam at different distances from the
SPP, for the simulation and the experimental beam respectively. Apart from imperfections stemming
from a variety of sources (misalignment, imperfect input beam, simulation distance being too short
for the Fresnel approximation, ...), the developmental stages of the beam are well captured in the
simulation. The leftmost image is the experimental beam as captured by the sensor, the middle image
is the simulated beam and the rightmost image is the resultant of subtracting the simulation from the
measurement, to clearly visualise mismatches.
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Figure 5.7: Measurement, simulation and resultant 200 mm after the SPP
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Figure 5.9: Measurement, simulation and resultant 1900 mm after the SPP
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Figure 5.10: Measurement, simulation and resultant 2825 mm after the SPP

With the simulation program capable of showing how the beam would develop beyond the spatial
capability of the lab, the investigation into its final shape and its correspondence to the LG distribution
could start, since it had been assumed from the start that a Gaussian beam impinging an SPP would

result in a pure LG beam.

Quickly it became obvious that something was not as expected. While the shape stabilised into
something strongly resembling a pure LG beam, it never completely matched. Shown in figures 5.11
and 5.12, the difference is especially visible when forcing the maxima to overlap. The ring of the simu-
lated beam seems to be wider and more diffuse than one would expect from a true LG beam.

Furthermore, while in theory the definition of beam radius varies depending on the Gaussian or
charge of LG under consideration, the rate at which it increases with propagation should follow the
same formula (equation (5.1)). However, looking at either the beam waist for the best fit or for the
derivative-based maximum intensity location, the beams radius of the simulated beam did not follow

this formula.
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In order to discover the source behind these inconsistencies simulations were for exponentially
increasing propagation distances and with a variety of different setup configurations. Simulations were
made for SPP’s with charges 1, 2 and 3, no SPP, Fraunhofer propagation instead of Fresnel (thus using

a different, generally less accurate approximation), placing an LG beam directly at the input field, and
many more.
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Figure 5.13: w(z) estimated by the analysis program for single step propagation of an SPP with charge 1
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Figures 5.13 and 5.14 show the results of one of these configurations. For both graphs, the hor-
izontal axis represents the simulated propagation distance in a logarithmic scale, up to a distance of
213 km, a reasonable distance for orbital inter satellite communication. The red line shows the radius
the beam should have when following equation (5.1), the green line shows the estimated beam ra-
dius of the Gaussian case, the orange line the beam radius when forcing the maxima to coincide and
the blue line shows the beam radius of the best fitting LG profile for the simulation. The first graph
shows the disconnect between w(z) of the vortex beam path and that of the Gaussian path, and while
the values differ between different configurations, each test which included an SPP showed this trend,
while those that did not had all 4 curves coincide, as was expected previously. The graph representing
the R? values shows that while the simulated vortex beam eventually develops into a stable profile, it
never matches a pure LG after this development. These conclusions are drawn from the fact that R?
converges, but not to one, especially for the overlapping maxima of the Forcermax function.

These outcomes confirmed a rising suspicion that the beam produced by an SPP is not truly a LG
beam, although it does share many characteristics. It is in fact a superposition of true LG beams [54].
To determine the true expression of this beam, the co-supervisor of this project, Mario Badas Aldecocea,
analytically derived the effect of applying an SPP using the Fraunhofer approximation, given in appendix
A. The expression in polar cylindrical coordinates is given in equation (5.4).

ikp? 3/2 pp3 2 .29
Ebpp(p,0,2) o 27(5%) exp(j£0) exp(jkz) exp (Jkp ) 1 7/ pwy exp< mp wo)

2z ) jAz 4z C2A222
7r2p2w(2) 7r2p2w(2]
<IG<W>I“;<W>> (54)

In this equation, ¢ denotes the charge of the SPP,k is the wave number 2{ p the radial coordinate,
0 the angular coordinate and 7 is the modified Bessel function of the first kind.

Using the square of this expression as a substitute for the LG (equation (2.6)) results in a shape
which closely matches the simulation, as seen in figures 5.15 and 5.16.
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Figure 5.16: Results for the simulated and new electric field expression using an SPP of charge 2 at a distance of ~ 3el12m.

While for this new expression the equation for the evolution of the beam radius equation (5.1) no

longer holds, the beam waist wg from which the analysis program estimates both beam paths to origi-
nates now once again matches.

From literature [114], the vortex beam resulting from an SPP can be represented as an infinite sum
of LG beams, also known as a Kummer beam [115], where over 80% of the total energy is carried by
the main LG beam of the same charge as the SPP. This value is verified by the fact that the integral
overlap between LG and vortex varies from 80% to 90% depending on the SPP charge used. Thus the
generated vortex beam can serve as a good replacement for a pure LG beam.

5.4. Validation of the setup

Now that the simulation program could produce a satisfying result to compare the baseline setup, the
sensitivity analysis can be performed.

The first major misalignments to analyse are those of the SPP, both linear and angular (figure 3.4.
This was accomplished by first aligning the SPP as well as was possible with the naked eye (estimated
to be accurate in the range of tens of micrometres) and then purposefully misaligning by use of the
linear/angular adjuster screws (mount with screws shown in figure 5.17). The smallest and largest
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linear displacements measured are shown in figure 5.18a and figure 5.18b respectively.

Figure 5.17: Thorlabs K5X1 mount used to hold the SPP. Image taken from [116]
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Figure 5.18: Effect of a linear displacement between the centre of the beam and the centre of the SPP

From these measurements and simulations it becomes clear that the simulation program is capable
of accurately simulating linear displacements and that the SPP is particularly sensitive to these dis-
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placements

Regarding the angular misalignment however, the SPP showed very little sensitivity for small angles.
The 5-axis mount upon which the SPP was situated allowed for a maximal angular displacement of 4°,
at which point the physical beam showed little to no alteration. Alteration did become apparent with
larger angles, on the order of tens of degrees. However, in order to achieve these the SPP had to be
taken out of its mount and held manually, making stable measurements impossible. With the simulation
program it becomes possible to simulate the effect of large angular misalignments, shown in section 5.4,
section 5.4 and section 5.4.

Figure 5.19: Angular displacement simulation of 0°, 20° and 40° from left to right.

These simulations show the magnitude of misalignment required in order to show visible deforma-
tion, and the type of deformation also matches that which was seen in the lab. From these results
leads that the SPP is not sensitive to angular misalignments on the scale that can be expected within
an aligned setup.

The second major type of misalignment that can occur in the system lies between the two different
beam paths. When recombining it is imperative that both beam paths align completely. There are
at least two ways to verify this: simulate the beam simply with a physical misalignment between the
beams, or simulate the system including a grid polariser after the PBC to induce interference fringes.
Section 5.4 and Section 5.4 show the measured beam with the HWP at 22.5° and the grid polariser at
45°, the point where the maximum amount of interference should take place.

“

Figure 5.20: Interference patterns obtained through measurement on the left and simulation on the right

The interference patterns break the circular symmetry of the total beam and shift rapidly with even
small misalignments, making it easier to visually confirm the nature of the misalignment. The effect of
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a linear misalignment of the beam centres of 0.1mm is shown in figure 5.21a and figure 5.21b for both
with and without interference.

(b) Linear displacement of vortex and Gaussian paths by 0.1mm

(a) Linear displacement of vortex and Gaussian paths by 0.1mm with interference

Figure 5.21: Difference in intensity profile for orthogonally polarised beams on the left and parallel polarised beams on the
right with a linear displacement

The use of these figures by comparing them to the real beam allowed for a more accurate alignment
than was possible with the naked eye alone.

Finally, other types of possible misalignment are those regarding other components such as the
mirrors, but these would only result in the beam as a whole shifting and could easily be fixed by aiming
at the sensor, while they did not affect the shape of the beam.



Results, analysis and
recommendations

In this chapter, all of the previously presented information will be used in order to answer the research
questions posed at the start of this project. At first, the total transmissivity of the core beam shap-
ing components (PBS, SPP, mirrors and PBC) will be evaluated against the theoretical gains from [1].
Second, the obtained intensity profile of the beam will be compared to the simulated profile and the sim-
ulation will be compared to the profile created using the theoretical expression obtained in section 5.3,
answering the question if it is possible to accurately generate these vortex beams. The last question
to be answered then will be how well the obtained beam shape performs when put under the same
performance analysis for power outage probability as a pure LG beam.

6.1. Power Efficiency

To compare the transmissivity of the system constructed during this project against a standard FSOC
system, only the main difference, the beam shaping section, has to be considered, as in an operational
system the source would be selected such that the beam preparation steps are not needed by deter-
mining beforehand the optimum polarisation state of the source. This section starts right after the HWP
and ends after the PBC and contains the beam splitter, two mirrors, the SPP and the beam combiner.
In theory, the combined transmissivity of this section should follow equation (6.1).

78S = QNPBS, M TSPPTPBC, 1 (1 - Q)UPBSRUMUPBCR (6.1)

In this equation, « is the fraction of vortex beam to Gaussian beam power given by cos?(20hwp)
similar to equation (4.1), npss,. and npgs,, are the transmissive and reflective efficiencies of the PBS,
neec, and npgc,, are those of the PBC and have the same values as for the PBS, 7gpp is the SPP
transmissivity and n,, is the reflectivity of the mirrors. At a HWP orientation of 22.5° the fraction «
becomes 0.5, and the expression simplifies to:

1
IBs = 57IM (WFQ’BST”SPP + ngBsR) (6.2)
The efficiencies of the beam splitters were obtained in section 4.4 and the efficiency of the mirrors
is close to 99% [99]. To obtain the SPP efficiencies, a power meter was used before and after various
SPPs, resulting in an efficiency of 94% for ¢ = 1 and 85% for ¢ = 2. These figures give a total theoret-
ical beam shaping efficiency of 84%. Measurements using the power meter after the HWP and after

the PBC, using an SPP of charge 2, read 60.55uW and 50.5uW respectively, resulting in an actual
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efficiency of 83.4%, close to the theoretical value.

In the original paper, potential power savings were calculated to be ranging from 20% to 40%, show-
ing that even with the increased losses incurred by shaping the beam, this novel setup could still result
in lower power requirements. This efficiency could be further improved by using components more fine
tuned for the wavelength in question.

6.2. Beam shape comparison

While section 5.2 and section 5.3 have shown how the size and shape of both beam paths can be
closely matched in the simulation tool, neither the vortex beam nor the Gaussian beam alone was
given as the optimal combination of Gaussian and LG beam in the original paper [1]. Simulations and
measurements were made with different rotations of the HWP, ranging from 0° to 45° in 4.5° increments
and then compared to one another. The box plots of the R? values obtained by using equation (3.18)
of these orientations for SPP’s with charge 1, 2 and 3 are shown in figure 6.1, figure 6.2 and figure 6.3
respectively. The distribution parameters were obtained by calculating the 2 values of one dimensional
slices of the two dimensional beam profile taken by rotating around the central point of the beam. In
this way, the distribution and minimum/maximum also serve as an indication of rotational symmetry.
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Figure 6.1: Box plot of the R? values for ¢ = 1
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Figure 6.2: Box plot of the R? values for ¢ = 2
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From these box plots it can be seen that the measurements closely match the measurements, es-
pecially when the Gaussian beam starts to dominate, typically around a HWP orientation of 22.5°. The
difference in calculated R? between the vortex (0° HWP) and the Gaussian (45° HWP) extremes can
largely be explained by the previously discovered inability of the SPP to produce a pure LG beam as
discussed in section 5.3. The sensitivity analysis capabilities of the simulation tool were also used to
increase the accuracy of alignment of the various components.

From these results, it can be concluded that while creating an LG beam is impossible with an SPP
alone, it is still possible to create a highly accurately aligned setup and to closely match the theoretical
outcome predicted by the simulation tool. This produced intensity distribution also has a > 80% power
overlap with a pure LG beam of the same charge as the SPP, showing it to be a suitable replacement.

6.3. Communication performance

Given that the beam produced by this setup does not match the LG beam envisioned by the previous
paper [1], it is important to apply the same algorithm in order to compare the outage probability of the
obtained beam to both a standard Gaussian and to a pure LG beam. The same person who originally
computed the power outage probabilities in [1] performed similar calculations on both the measured
beam profile and the simulated fully developed vortex beam with the same link parameters. The power
outage probability calculated here is the probability that due to jitter, the BER is so great that any bit
error correction method or algorithm employed is unable to restore the signal.

(=0 ¢={1,0} | £={2,0} | £=1{3,0}
Measurements | 8.1 x 107* | 5.1 x107°% | 21 x 1075 | 1.5 x 1075
Simulation 88 x107% | 46x107° | 6.0x 1076 | 1.2 x 1076

Table 6.1: Power outage probability of different vortex beams as captured by the sensor

(=0 0={1,0} | £={2,0} | ¢=1{3,0}
SPP-produced | 5.2 x 1077 | 1.1 x 1077 | 5.0 x 1078 | 7.6 x 1078
LG 52x 1077 | 9.6 x 1079 | 2.9 x 10710 | 1.4 x 10710

Table 6.2: Power outage probability of different vortex beams in the far field

Table 6.1 shows the optimum power outage probability obtained for both the measured beams and
the beams simulated using the same propagation distance as achieved in the lab. The columns indicate
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the charges of the superposed beams making up the total intensity profile, with a pure Gaussian beam
as a baseline on the left. Given that the power outage probability is a failure criterion, it is desirable to
have this number be as low as possible.

From this table, it can be seen that all tested higher-order vortex beams captured by the sensor
perform better than the fundamental Gaussian beam, often by an order of magnitude or more. The
simulated beams also outperform their experimental counterparts, showing the presence of errors in
the experimental setup.

However, certain limitations were observed during this analysis. The finite sensor size meant that
part of the beam produced in the experiment was not captured, and thus clipping occurred. To keep the
comparison between measurement and simulation consistent, the same sensor size was implemented
for the simulation. The second limitation is that of the development of the beam. As discussed in sec-
tion 5.3, the beam that could be produced in the lab was not yet fully developed. From figure 5.14, it
can be seen that the R? of the simulated beam largely stops changing after 100m and it can thus be
assumed that this distance would be needed to fully develop an experimental beam. This means that
the results shown in table 6.1 are not completely valid for applications in space communication.

Table 6.2 shows the resulting power outage probability in the simulated far field compared to that
of pure LG beams. Once again, the vortex beams produced by an SPP have a lower power outage
probability than the Gaussian beam, but a beam superposition using a pure LG beam still outperforms
the vortex beam superpositions. A potential reason for this could be that for the same w, the SPP
vortex beam have a larger beam radius, which would increase the intensity fluctuation from the peaks
of the vortex beam part to the Gaussian beam part, leading to an increased BER when jitter causes
an instantaneous pointing error in between these peaks. However, perhaps somewhat decoupling the
ratio between vortex and Gaussian from the HWP or decoupling the vortex and Gaussian beam diver-
gences would allow the system to once again approximate the optimal profile.

These results show that even with the output of an SPP a superposed vortex and Gaussian beam
can be produced which offers an intensity profile for use in Free-Space Optical Communication which
when compared to a Gaussian profile allows for up to 20% power reduction under the same commu-
nication performance criteria or for an order of magnitude lower power outage probability when using
the same amount of power.



Conclusion and next steps

In this thesis, an experimental investigation into the use of vortex beam combinations for inter-satellite
Free-Space Optical Communication (FSOC) was conducted. Motivated by the theoretical predictions of
a preceding paper [1] suggesting reduced sensitivity to transmitter jitter, an optical system was designed
to generate adjustable superpositions of Gaussian and vortex beams generated by Spiral Phase Plates
(SPPs). In addition, a pre-existing optical propagation program using Fourier optics was extended to
model beam propagation, polarisation effects, and component alignment sensitivities for the experi-
mental setup to be built.

Analysis of total power before and after the beam shaping indicates that the additional losses in-
troduced by beam shaping components like the SPP and polarising beam splitters partially decrease
the theoretical power savings predicted for superpositions of Gaussian and pure Laguerre-Gaussian
beams, but still maintain potential gains when compared to a system using only a fundamental Gaus-
sian beam.

While an SPP interacting with a Gaussian beam does not create a pure Laguerre-Gaussian beam
but rather an infinite sum of these Laguerre-Gaussian beams, the experimental results show that high-
quality Gaussian—vortex beam combinations can be generated with R2 values over 0.9 when compared
to simulated profiles. The obtained intensity profile also shows an integrated area overlap of over 80%
when compared to the pure Laguerre-Gaussian electric field expression, meaning that over 80% of the
obtained beam has its power within the pure Laguerre-Gaussian mode indicated by the charge of the
SPPs.

Quantitative comparisons using beam waist estimation and coefficient-of-determination analysis
confirm that the beam propagation program accurately captures the physical behaviour of the exper-
imental setup. The experiments, alongside the beam propagation program, reveal that the setup is
highly sensitive to displacement of the SPP, the misalignment of both beam paths and propagation
distance, but relatively unaffected by minor rotational errors of the SPP and displacement of the beam
as a whole.

Subjecting the obtained beam profile, both measured and simulated, to similar power outage prob-
ability analysis as the ideal Laguerre-Gaussian superpositions leads to the conclusion that while not
being ideal, the produced vortex beam still performs better than a fundamental Gaussian beam would
by itself by an order of magnitude or more reduction in said power outage probability.
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Overall, this work provides experimental validation of key aspects of vortex beam generation for
FSOC and increases the evidence for practical potential. While positive results were obtained, room
for improvement is still present. More efficient and optimal components could be used, the propagation
development further than 4m has been simulated but not yet verified, and a decoupling of beam radii
between the beam paths could further improve the approximation of a pure Laguerre-Gaussian beam.
As a next step, the experimental setup could be extended to include a controlled jitter simulation stage
to directly measure communication performance metrics such as outage probability and bit error rate
under dynamic pointing errors or the development of the beam at distances larger than those obtained
in the lab could be compared to the intensity profiles produced by the simulation tool. Such experiments
would enable a more complete assessment of the true robustness gains offered by non-Gaussian beam
shaping in realistic spacecraft conditions and inform future FSOC system design choices.
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SPP vortex beam derivation

In this appendix, the analytical derivation for the output of an SPP interacting with a Gaussian beam
is shown using the Fraunhofer approximation. This derivation was performed by PhD candidate and
supervisor Mario Badas Aldecocea.

Starting from the Fraunhofer diffraction integral for a field E(p’,6’) in the source plane:

ikz ik S 27 0 com 4 /
Err(p,0,2) = L/ d9’/ pldp E(p, 0 )e 1 Xzre cos(0=0"), (A1)
Az 0 0
The field in question, a Gaussian beam encountering a Spiral Phase Plate is related as:

E(p,0) x e /ws itt (A.2)

Combining both, we have
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Using the Jacobi-Anger expansion,
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where 7, (z) is the Bessel function of the first kind of order n, we have that the integral over ¢’ in (A.3)
can be solved as
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Introducing this result in equation (A.3), we have that

2
o ikz ik oo , 2mpp’
Ere(p,0,2) oc 2 i’ & / pldp e 1w g, (— id )
0
2

Az Az
2
L,
0300 ekzethez w32 wy _x2etud 72 p2wy 72 p?wy
x2mi‘e - e 223222 | Te_a —Toga1
1Az 40z 2 222)\2 2 222 )2
2

. . 52 72 p2wd 2,2,,2 2,2
O il ikz kL — o p T p~Wh T pWh
e (—Z) etV g2t 5z o7 ox222 2iNZS? |:Izz1 (2)\222> —Iz;rl (2)\222>:| (A4)

where 7, (z) is the modified Bessel function of the first kind of order n.



Full diagram of the final setup

This appendix shows the full diagram of the setup in its final state.
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Figure B.1: Final setup diagram
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