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Abstract

This thesis presents the development and on-sky tests of the novel Microlens-Ring Tip-
Tilt (MLR-TT) sensor. The sensor consists of a micro-lens ring (MLR) that is printed
directly on the face of a fiber bundle with a central single-mode fiber (SMF) accepting the
light almost unclipped if the beam is aligned. The edge of the beam, however, is refracted
by the MLR to couple into six surrounding multi-mode fibers (MMFs). Detecting the
flux in these sensor fibers allows reconstruction of the beam position, i.e. the tip and
tilt aberrations of the wavefront.

The lenses are manufactured in collaboration with Karlsruhe Institute for Technology
(KIT) with state-of-the-art two-proton polymerization, a novel technology that allows
the fabrication of very precise and freeform lenses. The sensor is integrated with the
instrument’s fiber link and features a small physical size of 380 µm. This novel integration
of a sensor into existing components reduced opto-mechanical footprint and complexity,
as well as reducing non-common path aberrations (NCPAs) to a bare minimum.

This thesis describes the various steps that were part of this development, starting with
designing, optimizing, and characterizing the sensor itself, setting up a corresponding
laboratory environment, and developing a control system for on-sky testing. The system
is tested on-sky with iLocater fiber coupling front-end (acquisition camera) at the Large
Binocular Telescope (LBT). It was found that principle reconstruction is possible but
the observed accuracy is ∼0.19λ/D both for tip and for tilt. With this accuracy, it
was not possible to improve the resulting SMF coupling efficiency. A strong correlation
between sensor accuracy and the instantaneous Strehl ratio (SR), i.e. residual adaptive
optics (AO) aberrations, is found. Additionally, the corresponding power spectral den-
sity (PSD) reveals that most of the reconstruction inaccuracy occurs in low temporal
frequencies. This suggests that the dominating limitations of the accuracy of the MLR-
TT sensor arise from residual AO aberrations and the false signal they introduce in the
sensor.

These findings are discussed in detail and the future prospects of further analysis and
development are outlined in the context of the most beneficial application environment.
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Zusammenfassung

In dieser Arbeit wird die Entwicklung des neuartigen Microlens-Ring Tip-Tilt (MLR-
TT) Sensors vorgestellt und die Ergebnisse dessen Tests am Teleskop präsentiert. Der
Sensor besteht aus einem Mikrolinsenring (MLR), der direkt auf die Oberfläche eines
Faserbündels aufgedruckt ist, wobei eine zentrale Singlemode-Faser (SMF) das Licht
nahezu ungestört aufnimmt, wenn der Teleskopstrahl korrekt ausgerichtet ist. Der Rand
des Strahls wird durch die Linsen gebrochen, um das Licht in sechs umliegende Multi-
Mode-Fasern (MMF) einzukoppeln. Das Signal aus diesen sechs MMF kann dann genutzt
werden um die Position des Strahls zu rekonstruieren.

Die Linsen wurden in Zusammenarbeit mit dem Karlsruher Institut für Technologie
(KIT) mittels modernster Zwei-Protonen-Polymerisation hergestellt, einer neuartigen
Technologie, die die Herstellung von sehr präzisen und frei geformten Linsen ermöglicht.
Der Sensor ist in die Faserverbindung des Instruments integriert und weist eine geringe
Größe von <1 mm auf. Diese neuartige Integration eines Sensors in bestehende Kom-
ponenten reduziert die opto-mechanischen Komplexität und Größe des Systems und
vermeidet die sogenannten non-common path Aberrationen auf ein Minimum.

Diese Arbeit beschreibt die verschiedenen Schritte, die Teil dieses Projekts waren, be-
ginnend mit dem Design, der Optimierung und der Charakterisierung des Sensors, dem
Aufbau einer entsprechenden Laborumgebung und der Entwicklung eines Kontrollsys-
tems für die Tests. Das System wurde am Teleskop mit dem iLocater Faserkopplungs
Front-End des in Entwicklung stehenden iLocater Spektrographen am Large Binocu-
lar Telescope (LBT) getestet. Es wurde festgestellt, dass eine prinzipielle Rekonstruk-
tion der Strahlposition möglich ist, aber die beobachtete Genauigkeit in jeder Raum-
richtung nur ∼0.19λ/D beträgt. Mit dieser Genauigkeit war es nicht möglich, den
SMF-Einkopplungwirkungsgrad zu verbessern. Es wurde eine starke Korrelation zwis-
chen der Sensorgenauigkeit und dem entsprechenden Strehl-Verhältnis (SR), d.h. den
Restabbildungsfehler der adaptiven Optik (AO), festgestellt. Darüber hinaus zeigt die
entsprechende spektrale Leistungsdichte (PSD), dass der größte Teil der Ungenauigkeit
der Rekonstruktion bei niedrigen Zeitfrequenzen auftritt. Dies deutet darauf hin, dass
die vorherrschenden Einschränkungen der Genauigkeit des MLR-TT-Sensors aus den
verbleibenden AO-Aberrationen und dem Störsignal, das sie in den Sensor einbringen,
resultieren.

Diese Ergebnisse werden im Detail diskutiert und die zukünftigen Aspekte der weiteren
Analyse und Entwicklung werden im Kontext der nützlichsten Anwendungsumgebung
skizziert.
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1 Introduction

1.1 Development of astronomical observations: enhancing
resolution and sensitivity

Ever since the beginning of astronomical observations, telescopes have been increasing
in size. This is because the larger diameter of the telescope’s primary mirror enables im-
proved measurement quality, where the two most important enhancements are increased
sensitivity as more photons are collected in the same amount of time and the reduced
diffraction limit enables higher angular resolution. On telescopes with larger primary
pupil size, atmospheric turbulence leads to Seeing, limiting the angular resolution to
that of a ∼20 cm diameter when working in the visible wavelength range (Rigaut, 2015).
In order to reach the theoretically possible diffraction limit, modern telescopes need
to be equipped with AO systems that correct for atmospheric disturbances and active
optic systems that counteract mechanical and gravitational deformations. It should be
noted that higher angular resolution can also be achieved with interferometry, providing
a larger effective aperture. However, increased sensitivity can only be achieved with a
larger pupil size or longer exposure times and enables observation of fainter targets as it
increases the signal and subsequently the signal-to-noise ratio (SNR).

Both of these improvements also play a crucial role when building a spectrograph.
With increasing spectral resolution, ever more light is needed for a sufficient SNR across
the whole spectral range because the photons are spread out over an increasing number
of pixels. This is particularly important for high-precision radial velocity observations,
as this technique requires a high SNR to detect these slight spectral shifts. However,
the larger telescope aperture leads to increased wavefront disturbance by sampling more
atmospheric turbulence, effectively increasing the size of the observed point spread func-
tion (PSF) and introducing temporal variability. To compensate for these effects, the
dispersion element of the spectrograph, usually a grating, needs to increase, and hence
the size of the whole instrument.

In addition to this, larger instruments are usually associated with higher developing
and manufacturing costs, which is obviously not desirable. It can also come with un-
wanted scaling challenges for both the hosting observatory and the instrument itself.
These include mechanical and thermal stability which are particularly important in the
realm of high-precision radial velocity.
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1 Introduction

1.2 Single-mode fibers: enabling small instruments

The size of a spectrograph’s dispersion element and with it the size of the instrument is
governed by the étendue of the optical system. With that comes a quadratic dependence
with the angular width of the PSF and the diameter of the pupil. Because optical étendue
is conserved, it cannot be reduced by simple re-imaging optics. However, the width of
the PSF can be reduced by employing AO, reducing atmospherically induced wavefront
distortions. But as the size of the PSF is reduced, temporal and chromatic variability of
the PSF have a larger relative impact on the performance of the spectrograph as it can
introduce variability in the centroid of the line spread function (LSF).

Optical fibers have been used in astronomical observatories for decades and have gained
in importance since their first use (Heacox and Connes, 1992; Parry, 1998). They can
be used to transport light from the telescope to a spectrograph at a different location,
where the mechanical and thermal environment can be controlled in an easier manner.

The variability of the PSF is then observed as a variability of the intensity of the dif-
ferent propagation modes of the fiber. This modal noise can limit the spectral resolution
of the spectrograph, especially for few-mode fibers. Traditionally, in order to reduce the
impact of modal noise, the most prominent solution is the use of fiber scramblers that in-
tentionally stimulate modal coupling, reducing both chromatic and temporal variability
of the fiber output.

However, the most desirable solution would be the use of SMFs to transport light as
they only have one, the fundamental, mode that can be excited. They have also the
advantage that they feature the minimal possible optical étendue. Furthermore, the
output of SMFs is spatially stable, removing any modal noise. This enables particularly
small instruments with sizes independent of the telescope’s primary mirror diameter.
But in order to efficiently couple light into a SMF, the telescope beam needs to match
the near-Gaussian intensity profile of the fundamental mode. This can be done with the
Airy disk shape of a diffraction-limited system but to achieve this, powerful AO correc-
tion such as extreme adaptive optics (ExAO) is required that performs a particularly
good wavefront correction. Especially tip-tilt variations need to be controlled because
mechanical movement and vibrations of the telescope can introduce much stronger aber-
rations at particular frequencies than can be expected from atmospheric perturbations.
Fig. 1.1 shows the degradation of the coupling efficiency compared to the residual tip-tilt
aberrations at the focal plane as simulated with wave optics.

1.3 Integrated instruments: advantages and challenges

As only one mode can propagate within a SMF, the output wavefront is truly coher-
ent and optically well defined. This enables a wide range of integrated components
that manipulate the light either within optical waveguides or in a very restricted space.
These integrated components, commonly referred to as photonic instruments, have a
long history in the technological context of optical telecommunication. With the re-
spective research and development being focused on the needs of this industry, they
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Figure 1.1: Sensitivity of SMF-coupling depending on tip or tilt.
(Reprinted from Hottinger et al., 2021)

lack the fulfillment of many requirements that are particularly important in the area
of astronomical observations. This includes tight constraints on throughput, broadband
wavelength coverage, and employment in the tough mechanical and thermal environment
of observatories.

These photonic components used in the astronomical context, often referred to as as-
trophotonics, bring the possibility to enhance conventional systems as we know them
today. The success and nowadays widespread use of optical waveguides, including
MMFs, shows that they can benefit astronomical optical systems. Photonic compo-
nents can incorporate many functionalities in a small physical domain, while the electro-
magnetic (EM) field is closely coupled to them, providing stability and reducing both
mechanical and optical complexity. These advantages can lead to a reduction in develop-
ment, manufacturing, and operating costs. Astrophotonics could potentially incorporate
wavefront sensing and controlling where otherwise a complex conventional optical system
would be needed. Subsequently, it can potentially enable more widespread use of these
complex optical components, enabling more functionalities at observatories. The wide
variety of functionalities thus brings the development of advanced instrument concepts
to fruition, which would otherwise not be feasible.
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1 Introduction

1.4 MLR-TT sensor: the integrated tip-tilt sensor for SMF
coupling

In this thesis, the micro-lens ring tip-tilt sensor (MLR-TT sensor) is presented, which
integrates wavefront sensing with the SMF-coupling optics. It is an integrated component
with its vital optical part, the micro-lens ring, sitting on top of the SMF face. The
sensor’s lenses simply refract misaligned light to be coupled into the MMFs that transport
the wavefront sensing light to a separate detector. The general setup is presented in
Fig. 1.2.

Centroid
reconstruction

Science
instrument

SMF

MLR

Fiber
Bundle

Fanout
(d)

(c)

(e)

(b)(a) 100µm

50µm

3mm

50µm
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Figure 1.2: Overview of the micro-lens ring tip-tilt sensor (MLR-TT).
(Reprinted from Hottinger et al., 2021)

This is an excellent example of a novel integrated component that functions in a small
physical footprint. It can replace conventional optical components such as quad cell
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detectors that measure the PSF asymmetry in the focal plane or pin-hole mirrors that
enable imaging of the outer edges of the PSF to reconstruct the PSF’s centroid position.

The sensor provides many advantages, such as potentially providing more intrinsic sta-
bility through in situ alignment and significant reduction of NCPA effects. It is enabled
by new advances in optical component manufacturing, namely the two-photon poly-
merization technique by nanoscale, with high accuracy and with the appropriate optical
properties (Dietrich et al., 2018). This novel technology is relatively straightforward to
manufacture and reliable in operation.

The MLR-TT sensor is suitable to provide functionality that new SMF-coupling ap-
proaches require but is increasingly difficult to accomplish with conventional optical
components. This project focuses on the employment of the MLR-TT sensor on the
LBT, an 8m-class telescope with an ExAO system. This does not necessarily mean that
this is the most suitable use case for the concept but other environments such as small
diffraction-limited telescopes could benefit more from the sensor or a derivative of it.

Structure of this thesis

This work gives an overview of the development of the MLR-TT sensor and the different
technical aspects that were involved in the practical application on-sky. It provides an
analysis of the performance and the next steps that need to be addressed for further
development of the concept.

First, the theoretical principles of light propagation and optics are introduced in chap-
ter 2 to set the foundations to understand the underlying physics. This includes the
optics as encountered in optical waveguides and SMFs in particular. Chapter 3 then
covers the instrumentation specifics that arise in the optics of telescopes, focusing on
application of AO and optical fibers.

The following chapter 4 introduces the concept and the design of the MLR-TT sensor
as well as the laboratory setup used for testing and development. Chapter 5 presents
laboratory test results and integration with the iLocater spectrograph fiber coupling op-
tics. In chapter 6 the on-sky experiment with the sensor is shown. The observational
setup and the results are presented and interpreted.

The final chapters 7 and 8 summarize the findings and discuss the results in detail
before ending this thesis with concluding remarks on the project and its future develop-
ments and prospects.
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2 Theoretical background of physics

The fundamentals that are needed to understand and describe astronomical telescopes
originate in basic physical principles. It is their interaction that leads to the quality and
repeatability of scientific observations. First, these physical principles are outlined in
Sec. 2.1, then the associated physics for fiber-based optics and photonics is introduced
in Sec. 2.2 to introduce the reader to the application-specific physics employed in this
work.

2.1 Fundamental concepts of light propagation

The most accurate physical description of light is the quantum mechanical treatment of
photons. But in many applications, various degrees of approximation suffice to predict
the behavior of optics.

2.1.1 Geometric propagation

A simple description is the geometric approximation that treats light as particles that
propagate through space. Within an optically homogeneous medium, particularly with
a constant refractive index, photons move in a straight line from their source. They will
then refract or reflect on optical surfaces. The photon paths in this model are called
rays; the model itself is therefore also referred to as ray optics. This approximation
suffices for many optical systems because it is capable of accurately reconstructing the
image that the optical system produces. By examining the differential path length of
the rays, it is also able to approximate the phase of the resulting wavefront, just by
considering the wavefront as produced by a single radiating source point to spherical
direction outwards. This reveals the observed optical aberrations and can therefore be
used to optimize both system layout and individual components. The simplicity of the
model and the resulting computational inexpensiveness make it very useful for large and
complex optical systems.

2.1.2 Wave propagation

Geometric optics treats light only as particles, but, as Young discovered in 1802 and
demonstrated with his well-known double-slit experiment (Young, 1804), it also shows
characteristics of wave-like behavior. This means that the propagation of light can also
be approximated by Huygens’ principle. The propagation of multiple waves into the
free space involves the interaction between them. Thus, this leads to interference of the
wave and is observed as diffraction when detecting the photons. To fully understand the
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2 Theoretical background of physics

behavior of single photons, one must consider the physics of quantum mechanics, but for
the observed intensity profile the wave approximation is sufficient. For this, the electric
part of the EM field created by the photons is considered. The behavior of the electric
field is described by the differential wave equation (Hecht, 2002)

∇2ψ =
1

v2
∂2ψ

∂t2
, (2.1)

where ψ is the electrical field with its spatial divergence ∇ and its temporal derivative
∂2

∂t2
.

For different environments and with different boundary conditions, different solutions
exist. In free-space propagation, a common approximation is the Fresnel-Kirchhoff
diffraction equation. Although some constraints are used in this approximation, it is
valid in most practical optical systems. A detailed derivation of the Fresnel-Kirchhoff
equation, as well as the corresponding transformations to the following approximations,
is covered in Hecht (2002).

2.1.3 Fraunhofer diffraction

Two special cases for the Fresnel-Kirchhoff diffraction are widely used. The behavior of
the near-field is described by the Fresnel diffraction formula and covers the diffraction
before the focal plane at various distances. The far-field behavior is described by Fraun-
hofer diffraction and corresponds to the diffraction pattern observed at the focal plane
itself.

It is the latter, Fraunhofer diffraction, that is therefore rather important for optical
systems, as it describes the transition of the EM field from the pupil to the focal plane
and vice versa. The EM field distribution as described by Fraunhofer diffraction is given
by,

ψFocus(r⃗, t) =

∫
Aperture

ψPupil(r⃗′, t) · e−
i2π
λ

(r⃗′−r⃗)dr⃗′ , (2.2)

where ψFocus is the EM field at the focal plane position r⃗ by integrating the source field
ψPupil over the pupil aperture for a chromatic wave with wavelength λ. The Fraunhofer
equation (eq. 2.2) can be identified as the Fourier transform, which makes it computa-
tionally very convenient. It is also the reason for the conventional name of Fourier optics
used for the description of optical systems in the context of Fraunhofer diffraction.

2.1.4 Diffraction of the telescope aperture

To estimate the image at the focal plane of a telescope, Fraunhofer diffraction is used. In
an idealized case, a monochromatic and coherent wavefront with a homogeneous intensity
distribution enters the telescope and is cut into a circular top-hat distribution by the
primary mirror. It then propagates through the optical path of the telescope and is
eventually focused at the image plane of the telescope. The diffraction at the primary
mirror acting as an aperture results in a diffraction pattern at the focal plane.
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Figure 2.1: Diffraction from a circular aperture resulting in an Airy pattern in focus.
Left panel: normalized intensity of Airy pattern; center panel: logarithmic
scale thereof; right panel: cross-section of normalized intensity.

The diffraction pattern of an evenly illuminated circular aperture is described by an
Airy pattern (see Fig. 2.1). This Airy pattern overlays any astronomical observation,
and a point-like object will be imaged as such a pattern. The image of any source is then
the convolution of the source intensity distribution with the Airy diffraction pattern.

Under realistic observation conditions, several aspects modify this pattern. First, the
obscuring secondary mirror that is placed in front of the primary and the mounting
structure, colloquially referred to as telescope spiders, which are present in most modern
telescopes, change the cross-section of the aperture, leading to a modified Airy pat-
tern. Fig. 2.2 shows the respective diffraction pattern for a variety of increasing central
obscuration by a secondary mirror where the general central shape is conserved but in-
creasingly more light is diffracted into the outer lobes. Second, atmospheric turbulence
disturbs any coherent wavefront, which can result in a significantly degraded image (see
Sec. 3.2). The specific pattern generated by a coherent point source in the image is called
point spread function (PSF) and is characterizing the optical properties of the system,
environment, and observing conditions.

Diffraction limit

This diffraction imposes a fundamental limit on the angular resolution capability of any
telescope and, in fact, of any optical system. The most prominent effect is the inability
to distinguish multiple sources that have an angular separation smaller than the Airy
disk width. In astronomy, the Rayleigh criterion has been established as an appropriate
quantification. It states that two point sources can be distinguished as long as the
first diffraction minimum of the first source coincides or is further away from the main
diffraction center of a second equally bright source. This results in a resolving limiting
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Figure 2.2: Cross section of the diffraction pattern with different sizes of the secondary
mirror, labeled by obscuration ratio α = Dobsc./D between the diameter of
the obscuring (secondary) mirror Dobsc. and the primary mirror D.

angle Θ0 for a diffraction-limited observation of

Θ0 ∼ 1.22λ/D . (2.3)

Note that the angular precision is not necessarily restricted by the diffraction limit,
because the position of an Airy disk can be reconstructed much more accurately. For
example, the extraordinary angular precision of the space-based Gaia telescope reaches
up to 7 µas while the Rayleigh criterion of its 0.5×1.45 m rectangular primary mirrors
corresponds to a diffraction limit of 52 mas.

2.1.5 Wavefront error

As noted, diffraction to an Airy pattern assumes a coherent incoming wavefront, loosely
referred to as a flat wavefront as it has a constant phase across the aperture. In practice,
there are many optical effects that will degrade the coherence of the wavefront. The
two main influences that should be mentioned are optical aberrations from within the
telescope and atmospheric Seeing. The seeing disturbance is caused by atmospheric
turbulence and is covered in more detail in Sec. 3.2.
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2.1 Fundamental concepts of light propagation

Aberrations induced by optics

Optical aberrations that can occur from within the telescope system can be classified
into two groups. Firstly, they may occur during the manufacturing of the optical sur-
faces and the corresponding surface irregularities. Secondly, optical misalignment can
degrade optical performance because the optical elements are not properly positioned
in both location and angle. Both effects have a static component, but they usually also
have a dynamic component, resulting from a changing telescope orientation and the cor-
responding gravitational forces or from temperature variations and gradients that will
substantially impact the optical components.

These negative effects can be reduced in design and manufacturing but are often also
addressed by active optics that will detect and compensate for misalignment on <1 Hz
timescales. These can be implemented both in the primary mirror, as this is the largest
mirror in any telescope and hence impacted the most by gravitational deformation, but
will often also include tip-tilt mirrors to adjust alignment further down the optical train.
In this context, optical misalignment from vibrations throughout the telescope plays a
special role, as it occurs on much higher frequencies and requires a different correction
strategy (see Sec. 3.2.2).

Zernike modes

Optical aberrations are most commonly quantified with the Zernike mode basis. This is
an orthogonal basis of two-dimensional functions that describes the phase of a circular
wavefront. Both circular coverage and meaningful parametrization make this the most
widely established mode basis in astronomical contexts. Other commonly used mode
bases are the Gram-Schmidt orthogonalization for annular optical cross sections com-
mon in Cassegrain telescope designs or the Legendre polynomial for rectangular beam
footprints, as they frequently occur in laser systems.

The Zernike polynomial, parameterized by Noll (1976) with polar parametrization r
and θ over a pupil with unit radius, is expressed as (Roddier, 1999)

Zm
n =

√
n+ 1 (Anm cos(mθ) +Bnm sin(mθ)) ·Rm

n (r) , (2.4)

where

Rm
n (r) =

n−m
2∑

s=0

(−1)s(n− s)!

s!
(
n+m
2 − s

)
!
(
n−m
2 − s

)
!

(r)n−2s . (2.5)

Here, the index notation describes the radial degree n and the azimuthal frequency
m, as well as its orientation A and B. The first Zernike polynomials are listed in
Tab. 2.1 with their respective normalized radial and angular dependence. The table
also lists the names of the corresponding aberration nomenclature that are linked to
common optical occurrences with misalignment of optical elements or manufacturing
errors. Fig. 2.3 shows some of the corresponding phase distortions with their respective
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Z n m A/B mode name rad. term azim. term

Z1 0 0 Piston 1
Z2 1 1 A Tip 2r cos(θ)
Z3 1 1 B Tilt 2r sin(θ)

Z4 2 0 Focus
√

3(2r2 − 1)

Z5 2 2 A Astigmatism 1
√

6r2 cos(2θ)

Z6 2 2 B Astigmatism 2
√

6r2 sin(2θ)

Z7 3 1 A Coma 1
√

8(3r3 − 2) cos(θ)

Z8 3 1 B Coma 2
√

8(3r3 − 2) sin(θ)

Z9 3 3 A Trefoil 1
√

8r3 cos(3θ)

Z10 3 3 B Trefoil 2
√

8r3 sin(3θ)

Table 2.1: First Zernike modes and their radial and azimuthal terms.

diffraction pattern.

2.2 Optical waveguides

Optical waveguides, such as optical fibers, are employed at many modern observato-
ries. In its simplest configuration, optical waveguides consist of a core and surrounding
cladding. Both these components are translucent but feature slightly different refractive
indexes. Light can then be confined within the core through internal reflection.

2.2.1 Light propagation in MMFs

Fig. 2.4 shows a schematic representation of an optical multi-mode fiber (MMF). Pho-
tons within the waveguide are internally reflected at the boundary layer between the fiber
core and its surrounding cladding due to the core’s higher reflective index n1 compared
to the reflective index of the cladding n2. This means that light is confined to the fiber’s
core with a reasonable amount of loss as a result of absorption from the fiber material. In
practice, additional losses occur when the fiber is bent and the corresponding geometric
deformation occurs.

The minimum angle of reflectance or total internal reflection within the fiber governs
the numerical aperture (NA) of the fiber. The NA is defined as the tangent of the
angular extend θ of the cone of light in conjunction with the refractive index n of the
surrounding medium that propagates in any optical system and is expressed as

NA = n · tan(θ), (2.6)

which relates to the F-Number with

F/# =
1

2 · NA
. (2.7)
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Tip Tilt

Defocus

Astigmatism 1 Astigmatism 2

Coma 1 Coma 2

Trefoil 1 Trefoil 2

Figure 2.3: Zernike polynomials in Noll indexing order. Left panels: Phase of the wave-
front in the pupil plane; right panels: Respective diffraction pattern as seen
in the intensity of the light in the focal plane. Both phase and intensity are
normalized to the corresponding maximum value, Z = 1 for each aberration.
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Figure 2.4: Light rays coupling to a fiber according to the geometrical ray model. Light
rays (red) are internally reflected at the boundary between the core (cyan)
and cladding (blue) as the larger refractive index of the core n1 is larger
than the cladding’s refractive index n2. If the incident angle of a light ray is
larger than the acceptance angle θ, the light is not confined to the core but
refracted into the cladding (dashed red line). The image represents a typical
multi-mode fiber (MMF) with a core diameter of d = 50µm, a cladding
diameter of 125µm and a protective buffer with a diameter of 250µm.

For internal reflection within the optical waveguide, this refers to the light cone that
efficiently couples into the fiber and then exits the fiber. The slight mismatch between
the light entering and exiting is commonly called focal ratio degradation (FRD).

Based on the Fresnel law, the NA of a MMF with a step function refractive index
profile can be expressed as

NAMMF =
√
n21 − n22 . (2.8)

Propagation modes

The description above is only a geometric approximation of the physics involved. A more
accurate treatment is obtained by solving the wave equation (Sec. 2.1.2) in this specific
environment.

The calculations involved are outside the scope of this work, but it should be mentioned
that the specific solutions obtained from this exercise result in a number of different
modes in which the EM field can propagate. The number of modes that a waveguide
can host depends on the geometric layout and the wavelength λ.

When working with a circular fiber with a step-index refractive index profile with a
core diameter d, the dimensionless characteristic V-number of the waveguide (Mitschke,
2016)

V =
πdNA

λ
(2.9)

is a measure for the one-dimensional optical phase space. This can be used to approx-
imate the number of different modes that the fiber can transport. For MMFs with a
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large number of modes N ≫ 1 and, accordingly, V ≫ 1 this approximation yields the
number of modes

N ∼ V 2

4
. (2.10)

2.2.2 Light propagation in SMFs

As suggested by eq. 2.9 and eq. 2.10, the number of supported modes decreases linearly
with decreasing core cross-sectional area. At a threshold of

V < 2.405, (2.11)

only one mode per polarization state is coupled into the waveguide. The waveguide is
then in the single-mode (SM) regime, and the propagated mode is referred to as the
fundamental mode.

In the common case of a step-index fiber, the fundamental mode involves the Bessel
function (Mitschke, 2016). However, the intensity I in dependence on the radial coordi-
nate r perpendicular to the propagation direction can be closely modeled by a Gaussian
profile

⇒I ∝
∼

exp

(−r2
2 · σ

)
. (2.12)

Gaussian beam

This Gaussian intensity profile resembles a Gaussian beam. The Gaussian beam is a
solution to the wave equation for free-space optical propagation. It features the unique
optical characteristic that it does not change its profile shape when it propagates from
near-field to far-field, e.g. when it is focused or when it is collimated.

This is a direct consequence of the Fourier optics, as outlined in Sec. 2.1.3 because
the Fourier transform of a Gaussian is again of the same shape. This makes it very
convenient to use in optical systems.

A Gaussian beam is sufficiently characterized by its beam waist radius w0 correspond-
ing to the radius at the waist of the beam where the intensity has decreased to 1/e2.
In the context of SMFs this is often also described by the 1/e2-intensity mode-field
diameter (MFD) with MFD = 2w0.

The intensity I of the Gaussian beam along its propagation axis z and its distance
from the optical axis r is (Hecht, 2002)

I(r, z) = I0

(
w0

w(z)

)2

exp

( −2r2

w(z)2

)
, (2.13)

where I0 is the maximum beam intensity and is related to the total power of the beam
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Figure 2.5: Gaussian beam waist shape and the respective parameters.
Source: GaussianBeamWaist (https://commons.wikimedia.org/wiki/Fil
e:GaussianBeamWaist.svg) by Rodolfo Hermans, DrBob used under CC BY-
SA 3.0 (https://creativecommons.org/licenses/by-sa/3.0/deed.en) /
modified parameters.

P0 with

I0 =
2P0

πw2
0

. (2.14)

The evolution of the width of the beam w(z) is

w(z) = w0

√
1 +

(
z

zR

)2

, (2.15)

where zR is the Rayleigh range

zR =
πw2

0n

λ
, (2.16)

with the index of refraction n of the propagation medium.

The beam divergence and with that the NA of a Gaussian beam rely solely on these
equations. Because the beam profile does not feature any sharp edges, it is not well
defined, but parallel to the definition of the waist, it is also conventionally termed the
divergence angle at which the intensity has decreased to 1/e2 of the central value. For
a linearly diverging beam, as is approximately the case far from the waist z ≫ zR, the
NA of the Gaussian beam can be expressed as

NA ∼ λ

πnw0
. (2.17)

Therefore, the NA of a SMF fundamentally differs from that of a MMF as it is the
Gaussian beam that approximates the fundamental mode that describes the behavior of
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2.2 Optical waveguides

the propagating light.

Coupling efficiency

The fraction of the EM field that is bound to the fiber’s core corresponds to the radiation
that matches the fundamental mode of the fiber itself. Mathematically, this can be
calculated with the overlap integral between the incoming field ψTele. and the accepted
field ψSMF to produce the coupled amplitude (Ruilier, 1998).

The overlap integral of the surface s between two fields X and Y is expressed as

⟨X|Y ⟩ =

∫ ∫
R2

X(s⃗) · Y ∗(s⃗)d2s (2.18)

and the total summed amplitude of a field X is expressed as

∥X∥ =
√

⟨X|X⟩ . (2.19)

With that, one can calculate the fractional coupled amplitude

A =
⟨ψTele.|ψSMF⟩

∥ψTele.∥ · ∥ψSMF∥
, (2.20)

eventually yielding the fraction of the total power that is injected into the fiber, com-
monly referred to as fiber coupling efficiency

ρ = ∥A∥2 . (2.21)

Due to Parseval’s theorem, this calculation can also be performed in the pupil plane
(Ruilier and Cassaing, 2001).

SMF coupling at telescope

The intensity profile encountered in a telescope does not match that of the Gaussian
beam, but rather features the circular step function profile with additional modifications
(see Sec. 2.1.4). However, the central main maximum of the resulting Airy disk can be
approximated by a Gaussian waist, see Fig. 2.6.

Ruilier (1998) analytically calculated the resulting coupling efficiency of a circular
aperture with a central obstruction (ratio α) to

ρ(β) = 2

e−β2
(

1 − eβ
2(1−α2)

)
β
√

(1 − α2)

2

(2.22)

with

β =
π

2F/#

w0

λ
. (2.23)
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For an unobstructed pupil (α = 0), a Gaussian beam waist w0 of

w0/F/# = 0.71λ/D (2.24)

yields the maximum achievable efficiency of 81%. Taking into account the Fresnel re-
flections on the fiber face, this is reduced to 78% (Shaklan and Roddier, 1988; Ruilier,
1998). Fig. 2.6 shows the Airy disk and the best-fit Gaussian profiles.
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Figure 2.6: Cross section of the Airy disk (blue) and the best Gaussian fit (orange)

Modified coupling at telescopes

This achievable efficiency is further reduced if a disturbed wavefront is coupled to the
SMF. Fig. 2.7 shows the impact of different Zernike modes on coupling efficiency. For
a more detailed analysis that also covers the impact of atmospheric turbulence and the
correction of AO, the interested reader is referred to Ruilier and Cassaing (2001).

On the other hand, the use of phase-induced amplitude apodization (PIAA) (Guyon,
2003) to modify the shape of the intensity profile in the pupil can be used to better
match the fundamental mode of the SMF. With this, the coupling efficiency can be
significantly improved (Guyon, 2003; Jovanovic et al., 2017b).
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Figure 2.7: SMF coupling as a function of RMS wavefront distortion denoted by the
coefficient ai of a single Zernike mode. Shown for simulations of different
modes (markers) and the corresponding analytical solution (dotted line).
(Reprinted from Ruilier and Cassaing, 2001)
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3 Astronomical instrumentation

The previous chapter covered the physical principles that are needed to describe the
concepts presented in this work. This chapter now focuses on the specific applications
as they are encountered in astronomy while relating to those concepts. Namely, this
chapter covers general optical telescope design, fundamentals of AO systems, and the
role of integrated optics, including optical fibers, in telescopes.

3.1 Telescope optics - basic concept and context

Optical observations are the most natural form of astronomical data collection, and
historically gazing at the stars has played an important role in many cultures not only
for the astronomical understanding of the observed sky but also for spatial and temporal
navigation, with plenty of room for religious and cultural interpretation.

Optical telescopes have been the most essential cornerstone of astronomical observa-
tions for centuries. They can detect most astronomical phenomena and do so both at
high angular resolution and with very high sensitivity. As they can cover a large wave-
length range from ultraviolet (UV) through to mid infrared (mid-IR), they allow the
extraction of meaningful spectroscopic information corresponding to various astrophys-
ical phenomena.

The basic forms of refractive and reflective manipulation of light have been practi-
cally understood since the invention of glass, which also led to the development and
deployment of the first telescopes. Today, a wider range of observational strategies are
pursued to use all information that is transmitted from astronomical sources from the
high-energy gamma radiation to the long-wavelength radio frequencies of the electro-
magnetic spectrum. More recently, these observations have been supplemented with
data from unconventional measurements, such as neutrino detection and, most recently,
observations of gravitational waves.

The development and use of optical telescopes is still the most important method of
data acquisition in astronomical research. The spectral and angular resolution achieved
at state-of-the-art observatories is at a very high qualitative level. However, there is still
plenty of improvement to be made in terms of sensitivity and information drawn from the
incoming photons. This is done by increasing the size of the telescope and instrument,
while correspondingly improving the quality of the employed optics. It is also done by
optimizing light manipulation and developing ever-new technological approaches.

In its basic principle, optical telescopes focus incoming light onto photon-detecting
surfaces. This basic function is shared by most imaging systems, such as microscopes
and consumer cameras. The very specific requirements to observe most astronomical
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Figure 3.1: Schematic representation of the LBT in its prime focus usage (left) and in
its Gregorian configuration (right). The light enters the telescope from the
top and is then reflected by the large primary mirror either directly onto a
camera or with an additional secondary mirror extending its focal length.
(Reprinted from Rodriguez et al., 2020)

targets lead to a very specialized telescope design that has evolved with theoretical and
technological advancements over history.

Fig. 3.1 shows a schematic representation of a Gregorian telescope, namely the LBT
with its optical path. For a simple overview, the LBT is a great representation of a
very flexible telescope, but one should bear in mind that there are a number of different
telescope designs that are used in large observatories throughout the world. In its prime-
focus operation mode (Fig. 3.1, left panel), the LBT can be used in a single-mirror
configuration and a camera (in this case, Large Binocular Cameras, LBC) is mounted by
a swing arm and sits above the primary mirror. More universal optics can be employed
if the light beam is instead reflected by a secondary mirror (Fig. 3.1, right panel) that
extends the focal length and additionally corrects the focus to form a plane surface
opposed to the curved prime focal surface. A retractable tertiary fold mirror can redirect
the light pass to be accessed at the bent Gregorian focus, where additional instruments
can be mounted with less gravitational lever.

At the focal point, a simple telescope setup can already deploy a prime-focus instru-
ment such as an imaging detector array. More advanced systems will reimage the light
to achieve the desired optical magnification, spectral filtering, or spectrally resolving the
light. The two main optical parameters that describe the geometry of the incoming light
of a telescope at the focal point are its field-of-view (FoV) and its plate scale p. The
FoV is the angular extent over which the system is capable of transmitting light rays
and over which it is capable of producing sufficient optical performance. The deployed
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photon detector will only be feasible to extend across this field. If downstream optics are
employed, an optical field stop will be placed to block unwanted stray light that might
negatively impact the performance even within the FoV.

The plate scale p governs the scaling between the angular distances of the astronom-
ical sources ∆θ and their corresponding linear separation ∆s at the focal plane. It
corresponds to the inverse of the focal length f as

p =
∆θ

∆s
=

1

f
. (3.1)

3.2 Adaptive optics - atmospheric disturbance and its
correction

In many modern telescopes, adaptive optics (AO) systems are a crucial part, as they
drastically improve the telescope’s angular resolution capabilities. This is particularly
important for large telescopes including the new era of 30-40 m extremely large tele-
scopes (ELTs) that are highly Seeing-limited due to atmospheric perturbation. AO can
improve the efficiency of observatories in the sense that a sharper PSF will achieve a
given SNR more quickly, but even more so, it can enable more qualitative observations.
This technique is therefore fundamental for many state-of-the-art science cases, partic-
ularly including, but not limited to, exoplanet detection and direct observation with its
stringent requirements on angular resolution, contrast, and spectral resolution. The field
of AO is broad with a wide range of different concepts and components. This section
will focus on the exoplanet science case with the corresponding AO approach of par-
ticularly good correction over a small FoV, commonly referred to as extreme adaptive
optics (ExAO, sometimes XAO or eXAO). ExAO employs the fundamental AO concepts
without referring to more complicated approaches but does so in a very stringent way
to optimize image quality.

3.2.1 Atmospheric Seeing

For most telescopes, atmospheric perturbations have a particular impact on the incoming
wavefront and dominate the degradation of the optical performance. This phenomenon
is referred to as Seeing and describes the aberration of light through variations in the
refractive index of the atmosphere’s air and the resulting perturbations in the wavefront.
As different parts of the atmosphere can vary widely in temperature, density, pressure,
and chemical composition, the refractive indices associated with the corresponding at-
mospheric layer can vary widely as well. These spatial inhomogeneities are associated
with turbulent cells of different sizes and will also vary temporally. Naturally, the exact
behavior of the atmosphere is complex and very chaotic, and hence difficult to simulate
and nearly impossible to predict accurately.
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Parametrization

The two main parameters that are used to quantitatively describe the encountered Seeing
are the coherent length and time scales r0 and τ0, respectively. This parametrization is
used to describe the general Seeing conditions both at a particular telescope site and to
describe the conditions for a certain observation.

The length scale r0, also called Fried parameter, describes the spatial extent over which
the wavefront can be considered coherent. This is quantified as an RMS wavefront error
of ≲1 rad, as this results in image aberrations similar to the impact by diffraction. The
length scale refers to the physical size of the turbulent cells as imaged onto the telescope’s
pupil. The corresponding angular extent of the observed aberrations and the effective
angular resolution is called the Seeing parameter θ0.

The coherence time τ0 corresponds to the time it takes for the turbulent atmospheric
layer to move the distance of the Fried parameter r0. If the associated layer moves with
a wind velocity v0, the coherence time can be described as

τ0 =
r0
v0

. (3.2)

The coherence time governs the timescale over which a Seeing-corrected wavefront re-
mains corrected, and thus defines the required frequency at which an AO system needs
to correct for it.

These two characteristic parameters vary strongly between different observing sites but
can also change significantly between seasons, nights, and even during the observation
night itself. For the selection of good observatory site locations, the altitude of the site
and the amount of turbulent airflow above are the most important selection criteria.
For more elevated observatories, the light reaching the telescope passes through shorter
air columns and omits the lower atmospheric layers, which feature a higher density and
hence contribute the largest fraction of the atmospheric aberrations. These factors alone
already point to the most used observatory locations around the world, such as the
Atacama desert in Chile with its peaks at altitudes around 4000 m and its laminar air
flow currents. Other locations with similar properties are La Palma and the Mauna
Kea mountain in Hawaii, which also host a large number of state-of-the-art optical
observatories.

Kolmogorov turbulence

Turbulence in the atmosphere is known to behave closely to Kolmogorov cascading (Kol-
mogorov, 1941; Tatarski et al., 1961). This predicts the transfer of energy from large-scale
perturbations into smaller turbulent cells (eddies) before eventually discharging into in-
ternal energy, i.e. heat. The resulting RMS wavefront error σ is then predicted to be
related to the primary mirror diameter D with

σ2 = 1.03

(
D

r0

) 5
3

. (3.3)
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The same absolute path-length difference will affect coherence more for smaller wave-
lengths. This results in a reduced Fried parameter and coherence time, scaling with

r0 ∝ τ ∝ λ
6
5 . (3.4)

For instrument development, this means that AO correction at a longer wavelength, i.e.
in the infrared (IR) range, is easier achievable, while wavefront control in the regime of
visible light becomes more challenging, albeit eventually also enabling a smaller diffrac-
tion limit.

Strehl ratio

Although the RMS error describes the quality of the wavefront rather well, it is an
optical measurement that is not directly correlated to the resulting observed image. For
this, the Strehl ratio (SR) has been established as a measurement of the resulting image
quality. The SR is defined as

SR =
max(IPSF)

max(IAiry)
, (3.5)

measuring the ratio between the peak intensity of the observed PSF and the theoreti-
cally best possible diffraction pattern, the modified Airy disk of the optical system. It
should be noted that this quantification does not incorporate some aspects that might
be important for observations such as speckle presence or fiber coupling availability and
other metrics used for specific applications.

3.2.2 Telescope vibrations

A somewhat separate role plays the impact that vibrations can have on the optics. In
contrast to the atmospheric turbulence that causes Seeing, vibrations are caused from
within the telescope structure itself. Vibrations can be caused by different origins. The
most prominent are the cooling components of the instruments, in particular the power-
ful cryogenic coolers, telescope movement during slewing and guiding, as well as wind-
induced loads on the structure. These movements are especially severe if they coincide
with or are indirect aliases to resonance frequencies of the telescope structure. As these
resonance frequencies are excited, the corresponding vibrations can have high amplitude.
These high power disturbances at otherwise unusual frequencies make handling vibra-
tional disturbances particularly difficult. Fig. 3.2 show the power spectrum at the LBT
as observed by the iLocater spectrograph acquisition camera showing the characteristics
of the vibrations with its distinctive peaks.

3.2.3 Wavefront sensing

To perform the wavefront correction, the error of it needs to be measured. This is done
with a wavefront sensor (WFS). Most WFSs do not measure the phase of the wavefront
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Figure 3.2: Left: PSD of LBT as measured by iLocater, with AO correction considering
300 modes; right: normalized cumulative representation.
(Reprinted from Bechter et al., 2019)

itself, but rather the gradient, which is then integrated to produce the actual phase
across the pupil.

The most common WFSs currently in use are Shack-Hartmann WFS (SH-WFS) and
Pyramid WFS (PyWFS). But there are other forms of tip and tilt measurements that
are additionally employed. This includes the usage of a pinhole mirror, which helps to
image the light that is not aligned to the optical axis to reconstruct the centroid of the
beam. Another method is the usage of a quadrant detector, commonly called quad-cell,
which reconstructs the centroid by the differential flux between pixels (Tyler and Fried,
1982). In addition to the above-mentioned optical sensors, there is also the option to use
sensitive accelerometers for measuring the mechanical vibrations (Glück et al., 2017).

Most AO applications operate in the photon-starved regime, resulting in reduced per-
formance for faint targets or targets where no natural guide star (NGS) acting as a
reference target for the AO system, is located in close proximity (Rigaut, 2015). There-
fore, a number of observatories also employ laser guide stars (LGSs) to artificially create
such a source for reference measurements.

3.2.4 Wavefront control

In order to correct the disturbances, the wavefront needs to be manipulated with a
wavefront correction (WFC) device. Most commonly, this is done with a deformable
mirror (DM) that can change its shape dynamically. This is performed with actuators
either on a thin mirror that can deform slightly or with a segmented mirror with each
segment individually controllable.

Both the frequency of correction and the number of required actuators change with
the size of the telescope’s primary mirror. For larger telescope diameters, the low-
order spatial modes have an increasingly larger amplitude, but also change at smaller
temporal frequencies. At the same time, a larger diameter means that more actuators
are necessary to fully correct the wavefront. Therefore, it is common to delegate the
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correction between two different DMs, one fast-running, high actuator count mirror, and
one low actuator count, slow but large dynamical range mirror. Furthermore, in some
applications, tip-tilt mirrors are incorporated that only correct for tip and tilt, but often
at higher temporal frequencies where some of the vibrational disturbances may occur.

3.2.5 Controlling

The measured WFS data need to be processed and transformed into a correction signal
to send to the WFC. The controller handles computerized data processing, including
sensor readout, measurement calibration, normalization, and wavefront reconstruction
from the WFS measurements.

The core control algorithm then uses the calculated wavefront to evaluate the best
shape to be applied to the DM. There is a wide range of different algorithms, but in
astronomy, the integrator is used most commonly. The integrator uses the error of the
wavefront phase such as,

e(r⃗, t) = ΦTarget(r⃗, t) − ΦWFS(r⃗, t) , (3.6)

where e(r⃗, t) is the offset between the desired wavefront ΦTarget and the measured and
reconstructed wavefront ΦWFS. This error is converted to the appropriate mirror shape
by multiplication with the reconstruction matrix K. The reconstruction matrix provides
a method to convert the desired wavefront shape into an applicable mirror shape. The
reconstruction matrix is calculated by inverting the interaction matrix IMX that is
measured by applying known mirror commands while observing the resulting wavefront.
Then, a gain γ is applied to this error to produce the mirror shape ΦDM to be sent to
the DM

ΦDM(r⃗, t) = αΦDM(r⃗, t− T ) + γK [e(r⃗, t− δT ) + w] . (3.7)

This is performed in a closed-loop operation. The mirror command from the previous
iteration ΦDM(r⃗, t−T ) is maintained but is damped by an integration factor α ≲ 1. This
equation also considers the additional noise w that is included in the WFS measurement,
as well as the latency δT between the sensor measurement and the final application to
the wavefront corrector.

3.3 Integrated optics - fibers & astrophotonics

In Sec. 2.2, the physical principles of waveguides were outlined. In the following section,
the application of waveguides to telescopes is shown. Then, some of the concepts for inte-
grated optics and photonics at observatories are introduced, with a focus on integration
with AO.
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3.3.1 Optical fibers at telescopes

The main benefit of optical fibers is their flexibility in combination with their low com-
plexity. The input to the fiber at the telescope’s light path can be positioned precisely on
the focal plane with almost arbitrary positioning. The fiber output can be placed very
reliably on the instrument input while retaining its high temporal and spatial stability.

Also, the fiber itself can be routed very freely, reducing the complexity of the optical
system. This allows the instrument to be placed independently of the telescope structure
in a stabilized environment. This includes temperature stabilization that can be achieved
much easier, as well as gravitational stability as the instrument does not need to move
with the telescope structure. Another important objective is the decoupling from the
vibrational characteristics of the other components.

Optical waveguides enable dynamic placement of the fiber and possible combinations of
multiple fibers. These allow for very flexible designs of multi object (MO) spectrographs
with multiple fibers positioned at will for each integration. They also allow integral-field
unit (IFU) spectrographs with fibers tightly packed within one fiber bundle for spatially
resolved spectral analysis.

3.3.2 SMFs at telescopes

Fig. 3.3 shows a schematic representation of both the telescope optics that couple an
astronomical source into a slit or a fiber and the spectrograph that disperses the light
onto a detector. The main optical characteristics of fibers are the diameter of the fiber
core and its NA. The beam of the telescope can be reimaged to match the NA of the
fiber, the core diameter then governs the area of the focal plane and with that the fraction
of the PSF that is coupled into the fiber.

A larger fiber core can collect more light, either from multiple or extended sources
or from an uncorrected PSF. This is done in many applications but has two main
drawbacks; first, more sky background is coupled into the fiber, causing more background
noise in the observations, and second, the working principle of many instruments is highly
dependent on both the core diameter of the fiber and its NA. The resolving power of a
spectrograph, for example, scales inversely proportional to its input slit width and with
that to the diameter of the fiber core feeding the spectrograph.

The spectral resolving power R of a spectrograph is given by (Allington-Smith, 2006)

R =
λ

∆λ
=
mρλW

χD
(3.8)

=
mρλW

2NAd
, (3.9)

with the density of the grating ρ, the diffraction order m, the size of the illuminated
grating W , the angular slit diameter χ corresponding to a spatial slit or fiber diameter d,
and the telescope pupil diameterD, or the NA of the fiber or incoming beam, respectively.
To maintain a high spectral resolution, a larger fiber diameter needs to be counteracted
by a linearly increasing grating size. In most spectrographs, the grating is already
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Figure 3.3: Schematic representation of telescope and spectrograph. An angular ex-
tended source (physically extended or by atmospheric Seeing, green/blue
dashed lines) is coupled into a slit or fiber and from there projected onto
a grating. The spectrally dispersed slit image (purple/yellow solid lines) or
fiber output is then imaged on the detector.

the largest optical component. Increasing its size will therefore increase the overall
instrument and, with it, the size of the volume that needs to be stabilized.

For these reasons, it is very beneficial to reduce the size of the fiber. The modes
within the fiber in which light propagates have an impact on the shape of the LSF that
is convoluted with the spectrum of the source. This effect can be especially strong for
small, few-mode fibers where individual modes make up a disproportionately large part
of the combined fiber output. This change is temporal and chromatic and can thus
significantly change the reconstructed centroid of a spectral line. The noise associated
with the measurement is called modal noise. Due to its stringent requirements, high-
precision radial velocity measurements are especially affected by this (Goodman and
Rawson, 1981; Harris et al., 2016).
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Fiber far-field output

MMF SMF

Figure 3.4: Fiber far-field output as measured in the laboratory. Left panel: MMF
output (slightly out of focus); right panel: SMF output (magnified).

In the extreme case of SMFs, this problem is avoided. As there is only one, the
fundamental, mode, the output shape of the fiber is temporally stable. Fig. 3.4 shows the
output of a MMF and a SMF, with the former showing a complex pattern of differently
illuminated modes and the latter a fundamental mode with near-Gaussian intensity
profile. Only the coupled intensity of the fiber changes, which is not associated with a
shift in the centroid of the spectroscopic lines. It should be noted that there is weaker
noise associated with the two polarization modes within the fiber (Halverson et al., 2015).

As seen in eq. 3.9, the resolving power does not scale with the telescope size when
using a SMF. For a larger telescope, the size of the spectrograph does not scale with it.
These properties make the use of SMFs extremely desirable. However, the correspond-
ing challenge is the massively increased difficulty of coupling light into the fiber. As
shown in Sec. 2.2.2, the wavefront from the telescope needs to match the near-Gaussian
fundamental mode of the SMF. To achieve this, the wavefront needs to be corrected
sufficiently.

3.3.3 Integrated optics in AO

Most of the optical components used in telescopes can be referred to as bulk optics.
These are conventional mirrors and lenses with the addition of many specific elements,
such as gratings and wavelength filters.

One particular exception is optical fibers that manipulate light in a more direct way.
Optical fibers can be grouped into the general area of photonics, a class of optical
components that confine photons in small spatial scales and are able to include light
manipulation and processing. These components can be designed to provide some of the
functionality that conventional bulk optics would perform otherwise. This is then an
integrated photonic device, potentially reducing the size of the optics and complexity.

The concept of integrated photonic devices that perform many of the necessary func-
tionalities has been in widespread use in the optical telecommunication industry for
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decades. In the field of telecommunications, these benefits together with the potential
for easy mass manufacturing make them very attractive.

An ongoing effort has been made to bring more photonic technologies into use with as-
tronomical observatories (Bland-Hawthorn and Kern, 2009; Minardi et al., 2021; Labadie,
2022). Specific requirements and applications in astronomy make an unmodified adap-
tion of telecommunication devices unfeasible, but adapted and specialized astrophotonic
devices can have an impact in selected use cases. A noteworthy example is the photonic
beam combiner employed by Gravity (GRAVITY Collaboration et al., 2017) as arguably
the first photonic centerpiece component in a major state-of-the-art instrument.

The main goal of this development is to improve the efficiency of modern observato-
ries. Similarly to the advantages of photonic technologies in telecommunication, using
astrophotonics concepts can potentially reduce the instrument footprint while reducing
the complexity of the system.

The field of astrophotonics is very wide since many of the conventional optical com-
ponents can potentially be replaced or supplemented by photonic counterparts. The
search for the best use cases in which technology might bring the greatest advantages is
continuing.

In the context of this work, the concepts that aim to integrate or replace parts of
AO systems are the most important to mention. The following is an excerpt from a
publication submitted by a large number of experts in the field of astrophotonics. Under
the leadership of Nem Cvetejovic, a thorough overview was written on the current status
of the field and the challenges that need to be solved in order for the technology to
mature.

2023 Astrophotonics Roadmap: pathways to realizing multi-functional integrated
astrophotonic instruments

Excerpt from Jovanovic et al. (2023, under review), section 2: Symbiosis Between Adap-
tive Optics and Photonic Components: the Path to Fully Integrated Instruments by
Philipp Hottinger, Olivier Guyon, and Rebecca Jenson-Clem:

“Thanks to excellent AO correction over a small FoV of ≲50′′ on large telescopes,
starlight can now efficiently be coupled into SMFs for high angular and spectral resolution
spectroscopy, with an efficiency closely linked to SR. Jovanovic et al. (2017a) achieved
coupling efficiencies of over 50% with SRs of 60% in H-Band at Subaru/SCExAO, Crass
et al. (2020) of more than 35% in Y- and J-Band with LBTI/iLocater, and Delorme et al.
(2021) aim to reach coupling efficiencies of 60% in K- and L-Band with Keck2/KPIC.
Photonic single-mode components extend SMF use to multiple telescopes (GRAVITY
Collaboration et al., 2017), and compact integral-field spectroscopy with approaches
including hexabundles (Bland-Hawthorn et al., 2011), SCAR (Por and Haffert, 2020;
Haffert et al., 2020), and 3D-M3 (Anagnos et al., 2021). [. . . ]

“AO subsystems could individually be replaced by maturing photonic technologies,
offering identical or enhanced functionalities in a miniaturized and integrated footprint.
The manufacturing processes often allow in-situ alignment (Dietrich et al., 2018) which
reduces operational complexity and increases optical stability. One of the most promising
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Conventional
System

Example Individual 
Photonic Components

Integrated
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Fully integrated photonic 
instrument concept
(Norris &  Bland-Hawthorn, 
2019)

Microlens-ring 
tip-tilt sensor 
(Hottinger et 
al., 2021)

Partial 
Integration

Full Integration

Wavefront sensing (WFS)

Deformable Mirror

Shack-Hartmann WFS

Instrumentation

Science 
measurement

Photonic lantern WFS
(Norris et al., 2020b)

Wavefront correction

Relay optics

Beam combiner 
(GRAVITY collab.
et al., 2017)

Photonic lantern with reformatter
(Pike et al., 2020)

Fiber Delay Lines

Pyramid WFS

SAM interferometer 
fringe tracker WFS
(Deo et al., 2022)

GLINT nulling interferometer
(Norris et al., 2020a) 

Thermo-coupled phase 
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Figure 3.5: Overview of conventional AO systems, potential photonic counterparts and
additions, as well as integrated instrumental concepts. Individual compo-
nents: Thermo-coupled phase shifter (Harris et al., 2014), sparse aperture
masking (SAM) interferometry fringe tracker WFS (Deo et al., 2022), pho-
tonic lantern WFS (Norris et al., 2020a), photonic lantern with reformat-
ter (Pike et al., 2020), GLINT nulling interferometer (Norris et al., 2020b),
Gravity beam combiner (GRAVITY Collaboration et al., 2017), microlens-
ring tip-tilt (MLR-TT) sensor (Hottinger et al., 2021), integrated photonic
instrument illustration by Phil Saunders (Norris and Bland-hawthorn, 2019).
(Reprinted from Jovanovic et al., 2023, under review)
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applications is the use of photonic lantern (PL) as focal plane WFS with the potential
to supplement well-established pupil plane WFSs. Large systems would benefit from the
reduced complexity and smaller footprint of these sensors, enabling better scalability for
Multi-Object-AO and Multi-Conjugate-AO systems requiring multiple WFSs. Goodwin
et al. (2014) introduced the concept of a miniaturized Shack-Hartmann WFS with similar
benefits.

“To optimally exploit photonic technologies, they should not simply replace individual
conventional components but rather aim to be integrated as part of the science instru-
ment and the AO system. This type of hybridization will make telescope optics more
resource efficient as it reduces optical and mechanical footprint and complexity. One par-
tially integrated approach has been proposed by Dietrich et al. (2017) for reconstructing
tip-tilt with a multi-core SMF equipped with a 3D-printed lenslet array and tested on-
sky with a refined design utilizing a MLR-TT sensor by Hottinger et al. (2021). There,
wavefront sensing is integrated into a vital part of the science instrument, in this case
with simultaneous SMF coupling. While tip-tilt sensing is only a limited functionality, it
shows the advantages such an integrated approach can have as it reduces complexity by
replacing multiple bulk optic components while almost completely eliminating NCPA.

“This interplay between AO and instrument has led to demand and existence of test
environments that allow transition of the development from laboratory to on-sky perfor-
mance in order to mature existing concepts. These are core objectives of the SCExAO
test-bench at Subaru (Lozi et al., 2018a) and Canary at WHT (Gendron et al., 2011).”

The MLR-TT sensor

The MLR-TT sensor as introduced in this work stands out as it is arguably the first
concept that successfully integrates sensor functionality into an existing part, namely
the fiber tip. It is important to particularly mention WFS concepts that utilize PLs
(Norris et al., 2020a) or tightly packed fibers (Wright et al., 2022) that show good
potential and also aim to integrate sensor functionality as part of an optical fiber.
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4 Introducing MLT-TT sensor and KOOL
laboratory

The following chapter is a reprint of the publication by Hottinger et al., titled Micro-
lens array as tip-tilt sensor for single-mode fiber coupling. It is a written proceeding to
a presentation at the conference Advances in Optical and Mechanical Technologies for
Telescopes and Instrumentation III held at SPIE Astronomical Telescopes + Instrumen-
tation in Austin, Texas, United States, 2018.

A number of people have been involved in this publication and everybody has made
a substantial contribution. I led the manuscript writing, design, and modeling of the
micro-lens design and the sensor response, as well as laboratory modification.

Summary and context

This publication gives a general overview of the novel MLR-TT sensor that is a further
development based on a micro-lens array (MLA) sensor concept proposed by Dietrich
et al. (2017). The sensor’s working principles are described and its advantages over
existing conventional solutions are discussed.

The lenslet is referred to as an array due to its predecessor, but is, in fact, more
accurately described by a ring of lenses. For that reason, it was later renamed to micro-
lens ring (MLR) as a more precise description of the physical layout and emphasizes
the difference to the predecessor. The usage of an MLR means that a central aperture
leaves most of the beam unmodified when the beam is aligned, eliminating the necessity
to modify the existing optical system (see Sec. 4.5.1).

The MLR-TT sensor is designed to be tested at the iLocater spectrograph fiber cou-
pling front-end (see Chapter 6). The motivation for detecting and correcting for tip-tilt
aberrations is discussed, including the presentation of the previous residual tip-tilt mea-
surements by iLocater.

A preliminary optical design of the MLR is presented as well as the modeled sensor re-
sponse. The lens optimization and the sensor response are both modeled with geometric
optics in Zemax Optics-Studio as introduced in Sec. 2.1.1. As outlined in the following
chapters, laboratory measurements show that this was not sufficient (see Sec. 5.3 and
Sec. 6.2.4) but it should be complemented by wave propagation simulation (see Sec. 7.8).

Furthermore, the Königstuhl Observatory Opto-Mechatronics Laboratory (KOOL)
was first introduced as a collaboration between Max Planck Institute for Astronomy
(MPIA), Institute for System Dynamics Stuttgart (ISYS), and Landessternwarte (LSW)
that was later used for setting up and testing the MLR-TT sensor system.
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Proceeding to SPIE, 2018: Micro-lens array as tip-tilt sensor
for single-mode fiber coupling

(Reprinted with adapted formatting)

P. Hottinger, R. J. Harris, P.-I. Dietrich, M. Blaicher, M. Glück, A. Bechter, J.-U. Pott,
O. Sawodny, A. Quirrenbach, J. Crass, and C. Koos. Micro-lens arrays as tip-tilt sensor
for single mode fiber coupling. In R. Geyl and R. Navarro, editors, Advances in Optical
and Mechanical Technologies for Telescopes and Instrumentation III, volume 1070629,
page 77. SPIE, July 2018. ISBN 978-1-5106-1965-4. doi: 10.1117/12.2312015

Abstract

We introduce a design for a tip-tilt sensor with integrated single-mode fiber coupling for
use with the front-end prototype of the iLocater spectrograph at the Large Binocular
Telescope to detect vibrations that occur within the optical train. This sensor is made
up of a micro-lens array printed on top of a fiber bundle consisting of a central single-
mode fiber and six surrounding multi-mode fibers. The design in based on a previous
prototype that utilized a multi-core fiber with seven single-mode fibers (Dietrich et al.,
2017). With this updated design, we are able to achieve a better sensing throughput. We
report on the modeled performance: if the beam is perfectly aligned, 69% light is coupled
into the central single-mode fiber feeding the scientific instrument. When the beam is
not aligned, some of the light will be coupled into the outer sensing fibers, providing
the position of the beam for tip-tilt correction. For this design we show that there is
a linear response in the sensing fibers when the beam is subject to tip-tilt movement.
Furthermore we introduce an adaptive optics testbed, which we call the Koenigstuhl
Observatory Opto-mechatronics Laboratory (KOOL), this testbed currently simulates
vibrations at the Large Binocular Telescope, and in collaboration we have extended it
to allow single-mode fiber coupling tests.

4.1 Introduction

For many years the image quality of ground based telescopes was limited by the at-
mosphere, known as the seeing limit. However, recent advances in modern adaptive
optics (AO) systems are allowing 8-10 m class telescopes to achieve better imaging qual-
ity, leading to new and exciting discoveries. In particular ExAO can allow diffraction
limited imaging in certain circumstances. Examples of these systems include FLAO at
the Large Binocular Telescope (LBT, 2x8.4 m; Esposito et al., 2011), GPI at the Gemini
South Observatory (8.2 m; Macintosh et al., 2014), SCExAO at the Subaru Telescope
(8.2 m; Jovanovic et al., 2015) and SPHERE at the Very Large Telescope (VLT, 8.2 m;
Beuzit et al., 2008).

Conventional fiber-fed spectrographs use MMFs as the different modes of the tele-
scopes PSF need to be propagated. Yet, improved developments in AO open up the
new possibility to use spectrographs fed by SM fibers, instead of larger MMFs. Due
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to the smaller entrance aperture, or slit, these spectrographs can be reduced in size,
reducing stability constraints and are also free of conventional modal noise (Crepp et al.,
2016). Several attempts have been made to couple SMFs to these large telescopes, but
the coupling efficiency is strongly affected by the quality of initial fiber alignment, as
well as beam drifts and higher-frequency tip-tilt motions due to telescope or instrument
mechanics and vibrations.

Conventional tip-tilt sensing solutions include imaging of the PSF on a quad-cell de-
tector (Esposito et al., 1997), imaging a pinhole mirror, using the telescopes AO system,
or accelerometer based disturbance feed-forward control (Glück et al., 2017). Yet, these
approaches can suffer from fundamental limitations that limit their accuracy. These in-
clude non-common path (NCP) vibrations, limited dynamical range, low response speed
and additional throughput losses. In this work we introduce a tip-tilt sensor consisting
of a MLA printed on top of a fiber bundle that overcomes many of these limitations.
The design is optimized to perform both tip-tilt sensing using MMFs and simultaneously
couple light into a SMF to feed the spectrograph.

This concept is based on a prototype device introduced by Dietrich et al. (2017) but
uses MMFs for sensing to improve sensitivity. The MLA will be printed on top of the
fiber bundle by in-situ two-proton lithography to produce these free-form lenses and
achieve high alignment precision (Dietrich et al., 2018). The design is optimized to be
installed in the front-end prototype of the iLocater spectrograph at the LBT to increase
SMF coupling efficiency.

In Sec. 4.2 we introduce the iLocater spectrograph, its optical properties and a short
analysis of its tip-tilt vibration challenges. Sec. 4.3 describes the preliminary design of
the tip-tilt sensor taking into account the requirements of the telescope and instrument
including its modeled performance and manufacturing plans. Sec. 4.4 introduces the AO
testbed, KOOL where we are performing tests for SMF coupling and tip-tilt sensing.
This is followed by Sec. 4.5, which outlines advantages and a comparison to a first
prototype described by Dietrich et al. (2017), and Sec. 4.6 summarizes and highlights
future work.

4.2 Design considerations

We are developing the tip-tilt sensor to be integrated with the SMF coupling front-
end prototype for the iLocater spectrograph. For this it is essential to understand the
instrument and its requirements.

This section gives an overview over the iLocater spectrograph (Sec. 4.2.1), its require-
ments for SMF coupling (Sec. 4.2.2) and the observed vibrations (Sec. 4.2.3).

4.2.1 iLocater spectrograph

iLocater is a high resolution spectrograph for the LBT (Crepp et al., 2016). A fiber
injection system feeds the cross-dispersed Echelle spectrograph that operates in the YJ-
bands (0.97-1.27 µm). The instrument will deliver a high spectral resolving power (R ∼
150, 000).
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Unlike most conventional high resolution spectrograph, it will be fed by SMFs. For
this, light from both 8.4 m diameter telescopes of the LBT is corrected by the LBTI
AO system (Hinz et al., 2012) and then coupled into the SMFs. The spectrograph
accommodates three spectroscopic input channels: one for each telescope and one for
the wavelength calibration source fed by a Fabry-Pérot etalon calibration system for
radial velocity precision below 10 cm/s (Stürmer et al., 2017).

Using SMFs to feed the spectrograph yields several advantages over traditional MMFs.
SMFs feature a smaller output aperture and a lower NA, leading to a compact instru-
ment design while achieving high spectral resolution. The iLocater spectrograph will
have a footprint of 50 cm squared (Crepp et al., 2016). When compared with other spec-
trographs on 8 m class telescopes (e.g. Pepe et al., 2010) this is small, reducing cost and
increasing stability. Furthermore, SMFs are free of conventional modal noise, though
recent studies have shown that polarization may also cause noise in a high resolution
spectrograph (Halverson et al., 2015).

4.2.2 Single mode fiber coupling

While SMFs offer many advantages, efficient light coupling from a telescope into the
fibers can prove to be a challenging task and several requirements have to be considered.
Within a SMF, light will propagate in only one mode, the fundamental mode with a
near-Gaussian intensity profile. Its width (MFD) and the relative refractive indicies
of the core and cladding govern the NA of the light exiting or entering the fiber as
approximated by a Gaussian beam.

The beam from the telescope on the other hand is most similar to an Airy pattern due
to diffraction at the primary mirror (though this is slightly altered by secondary obscu-
ration, spiders etc.). The NA at the fiber coupling plane is set by the telescope optics.
This diffraction pattern and the NA need to be closely matched with the fundamental
mode of the SMF to achieve maximum coupling efficiency. This can be calculated by the
overlap integral of the incoming beam and the accepted near-Gaussian intensity profile.
As there is still a fundamental mismatch between the Airy intensity distribution and the
fundamental mode, the theoretical maximum coupling efficiency is ∼80% (Shaklan and
Roddier, 1988) without efforts such as pupil apodization attempting to overcome this
limitation (Guyon, 2003).

Fig. 4.1a shows the intensity profile of both the Airy pattern of an idealized telescope
(red) and the fundamental mode of the fiber (blue) as modeled with the the optical design
software Zemax (see Sec. 4.3.1), optimized for a SMF with MFD of 5.8 µm (1/e2 inten-
sity). Note, as the diffraction limit is usually measured as distance between maximum
and first minimum, the size of the diffraction limited PSF is defined somewhat larger
(∼10 µm diameter between first minima). If the incoming beam is not perfectly aligned
to the fiber, the coupling efficiency is further reduced. This is plotted in Fig. 4.1b for a
beam gradually misaligned from the SMF by decentering its centroid position, showing a
rapid decrease in coupling efficiency. With a beam displacement of 2.8 µm corresponding
to the mode-field radius of the SMF, the coupling efficiency is reduced to ∼26%. This
shows the precision that is necessary to efficiently couple light from the telescope into
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Figure 4.1: Simulated single-mode fiber (SMF) coupling for a mode-field diameter
(MFD) of 5.8 µm (1/e2 intensity). Image (a) shows the cross section of the
intensity profile for both the fundamental mode of a single-mode fiber (blue)
and a diffraction limited point spread function optimized for maximum cou-
pling efficiency into that SMF (red). The green dashed line indicates the
1/e2-intensity (13% of the maximum). Image (b) shows the coupling effi-
ciency if the incoming beam is gradually misaligned with respect to the fiber
by shifting the centroid of the point spread function (PSF), resulting in a
rapid decrease in coupling efficiency with position.
(Reprinted from Hottinger et al., 2018)

the SMF and the large impact a slight misalignment has on throughput.

As the SMF chosen for the iLocater instrument has a MFD of 5.8µm (1/e2-diameter)
the incoming beam must be optimized for coupling to this. For this, the F/15 beam of
the LBT and the diffraction pattern of 60 mas at a wavelength of 1 µm (diameter to the
first minima) are re-imaged by the iLocater front-end (Bechter et al., 2015).

4.2.3 Tip-tilt vibrations

It is well known that the LBT, as most telescopes, suffers from vibrations (Brix et al.,
2008). This effect is particularity pronounced when ExAO is used, as the vibration
relative to PSF size is larger. When testing SMF injection for iLocater with a prototype
front-end bench in 2015, coupling of up to 25% was shown (Bechter et al., 2016). This
was lower than the theoretical maximum of ∼80% (Shaklan and Roddier, 1988) due to
several reasons. Extensive tests have shown that most of this is accounted to vibrations
throughout the telescope and the fiber injection bench. These vibrations cause tip-tilt
wavefront aberrations leading to a movement of the PSF on the focal plane and thus
preventing more efficient fiber coupling.

The following data is based on images taken by an ANDOR Zyla 5.5 camera set up
at the imaging arm of the iLocater front-end working in a wavelength range between
700 nm and 970 nm (Bechter et al., 2016). The exposure time is ∼1 ms and the sampling
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frequency is ∼125 Hz.

Figure 4.2: Scatter plot of the location of the PSF centroid for each exposure and the
corresponding distributions. The wavelength range of 700 nm to 970 nm was
imaged by the iLocater front-end prototype as described in Bechter et al.
(2016). The diameter of the diffraction limited PSF is ∼60 mas.
(Reprinted from Hottinger et al., 2018)

Fig. 4.2 shows the position of the PSF center for each exposure, both as scatter plot
on the image plane and as distribution for each axis. The PSF is misaligned with respect
to its mean position by up to 60 mas, corresponding to more that one diffraction limited
PSF diameter, leading to loss due to inefficient fiber coupling as outlined in Sec. 4.2.2.
To optimize throughput, these tip-tilt vibrations need to be sensed and corrected.

Fig. 4.3 shows stacked images of the PSF. Image (a) shows the sum of all exposures
simulating a longer exposure time. Image (b) also shows the sum of all exposures but
with the image shifted in such a way that the center of a fitted Gaussian is held constant,
effectively simulating a perfect tip-tilt correction. The red circle indicates the diffraction
limit at the working wavelength (∼850 nm). These images illustrate that despite working
near the diffraction limited regime, tip-tilt vibrations can smear out the PSF and lead
to a seeing limited result complicating SMF coupling. Note that even for the tip-tilt
corrected image (b), higher order aberrations are visible. These are most likely static
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(a) (b)

Figure 4.3: Averaged Point Spread Function from the LBT, with (a) no tip-tilt compen-
sation and (b) with tip-tilt compensation calculated by holding the center of
a fitted Gaussian constant. Both images have logarithmic intensity scaling
and are normalized to the highest pixel value. The red circle denotes the Airy
disk diameter at 850 nm, indicating that with vibrational compensation the
coupling will be higher. It can also be seen from b) that aberrations in the
system need to be compensated for.
(Reprinted from Hottinger et al., 2018)

NCP aberrations that also need to be corrected.

4.3 Preliminary design

To optimize coupling into the SMF and therefore throughput, the tip-tilt motions of the
incoming telescope beam as described in Sec. 4.2.3 need to be sensed and corrected for.
There are some conventional methods that have been used to do such tip-tilt sensing,
yet these can have some fundamental limitations (see Sec. 4.1 and Sec. 4.5).

In this work we present an innovative method for tip-tilt sensing, based upon the work
in Dietrich et al. (2017). This sensor consists of a micro-lens array (MLA) printed on
top of a fiber bundle made up of a central SMF (MFD of 5.8 µm) and six surrounding
MMFs (core diameter of 50 µm, NA of 0.22) arranged in a hexagonal array with a pitch
of 125 µm. The MLA itself covers just all fiber cores, has a diameter of 300 µm and a
height of ∼400 µm. The central SMF serves as the fiber that will feed the spectrograph,
while the tip-tilt sensing signal will be provided by coupling into the surrounding MMFs.
Fig. 4.4 shows a 3D model of this system.

Fig. 4.5 illustrates the working principles of the tip-tilt sensor. It shows the cross-
section of the MLA model for four different incoming beam positions indicated by the
captions. Image (a) shows a beam perfectly aligned with the SMF. In this case 69%
of the light is coupled into this fiber. Only some light will be refracted evenly to the
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Figure 4.4: Design model of a micro-lens array (MLA) tip-tilt sensor for the front-end
prototype of the iLocater spectrograph. The MLA is printed on top of a
fiber bundle made of a central single-mode fiber (SMF) (not visible) and
six surrounding multi-mode fibers (MMFs) (only fiber cores shown). While
the central optical path to the SMF is unobscured, off-centered light will be
refracted by the MLA to be coupled into the surrounding sensing MMFs.
The pitch between the fiber cores is 125 µm. Diameter and height of the
MLA are 300 µm and 400 µm, respectively.
(Reprinted from Hottinger et al., 2018)

six surrounding MMFs. Image (b) shows a slightly misaligned beam, where most of the
light is still coupled into the central SMF but more light is coupled into the outer sensing
fibers in direction of the decentered beam. In this regime, real time tip-tilt sensing and
correction will take place. Image (c) and (d) show even more misaligned beams with
hardly any coupling into the central SMF but successively more light coupling into the
sensing fiber. As hardly any light is coupled into the SMF if the beam is misaligned this
much, this regime is not favorable for real-time correction. Nevertheless, this illustrates
the wide dynamical range of the sensor, extending its use to initial fiber and target
alignment.

The following section will outline its modeled performance, design considerations
(Sec. 4.3.1), correction method (Sec. 4.3.2) and manufacturing plans (Sec. 4.3.3).
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(a) aligned (b) 2µm (c) 10µm (d) 50µm

Figure 4.5: Cross section of the micro-lens array (MLA) tip-tilt sensor with incoming
beam illustrating the working principle of the device. The color of the rays
indicate which fiber the light is coupled into: the central single-mode fiber
(SMF) feeding the spectrograph (purple, number of rays does not correspond
to coupling efficiency) and the outer sensing multi-mode fibers (MMFs) (red,
violet, orange, blue). Rays that are refracted by the MLA and are not coupled
into any fiber are not illustrated. If the beam is perfectly aligned (a), most of
the light is coupled into the central SMF with some of the rest coupled into
the outer sensing MMFs. As the beam is decentered by 2 µm (b), coupling
efficiency into the SMF decreases but is still significant while the sensing
signal in the outer MMFs increases. For large misalignments of 10 µm (c)
and 50 µm (d) no light is coupled into the central SMF but successively more
light is coupled into the sensing MMFs illustrating the wide dynamical range
the tip-tilt sensor covers.
(Reprinted from Hottinger et al., 2018)

4.3.1 Modeling

To optimize the MLA and to model its performance, extensive tests were conducted.
These were performed with the optical design software Zemax-OpticStudio. Zemax Op-
ticStudio uses a ray tracing algorithm for lens design. This is usually not suitable for
simulating coupling into SMFs as they to not take into account wave properties of the
incoming beam. The wave nature of the beam is of fundamental importance as it forms
the diffraction pattern described by wave optics that is responsible for matching the
incoming telescope beam to the fundamental mode of the SMF (see Sec. 4.2.2). Because
of this, the Physical Optics Propagation capabilities of Zemax OpticStudio where used
which take into account both Gaussian and wave optics for SMF coupling while the ray
tracing capabilities were used for MMF coupling.
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Sensing performance
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Figure 4.6: Modeled coupling into the SMF (red line) and into the sensing MMF (blue
line) for an incoming beam moving from a perfectly aligned position along
an axis to this sensing fiber.
(Reprinted from Hottinger et al., 2018)

The modeled coupling efficiencies are shown in Fig. 4.6, with the red line showing
the fiber coupling efficiency for the central SMF and the blue line showing the coupling
efficiency for one of the sensing MMF as the incoming beam is decentered. The coupling
efficiency for the central SMF decreases rapidly as the beam is decentered. When the
beam is misaligned by 5 µm, corresponding to the 1/e2-MFD of the modeled fiber, total
coupling has already decreased to <5%, which is similar to a standalone SMF (see
Sec. 4.2.2). The coupling into the sensing MMF increases linearly starting at ∼1% for
an aligned beam to roughly 20% for an offset of 20 µm. As the signal for this offset is
linear, this design should prove to be easy to integrate with the existing tip-tilt mirror
in the iLocater front-end prototype.

Off-axis performance

To examine the performance if the beam is not aligned along an axis of a sensing MMF,
the sensing signal is modeled for such misaligned beams. This is plotted in Fig. 4.7b
showing a misaligned beam scanning along eleven different axes ranging from alignment
to the MMF axis to a rotation of 60◦ corresponding to the next sensing fiber. This is
illustrated on the model in Fig. 4.7a. The linear response that was already observable
in Fig. 4.6 is seen to extend up to a misalignment of 70 µm. This is valid for both the
aligned beam (0◦, blue) and a beam centered exactly between two MMFs (30◦, red).
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Figure 4.7: Off-axis performance of the MLA tip-tilt sensor. Modeled coupling for one
sensing MMF for an incoming beam moving from an aligned position out-
wards. This is illustrated in the image (a): The rightmost fiber is sensed
while the beam is decentered from the center in different directions indi-
cated by the colored arrows. The different lines in image (b) correspond to
these different directions of this tip-tilt motion, ranging from 0◦ (blue) to 60◦

(green) in steps of 6◦ and in reference to the sensing MMF.
(Reprinted from Hottinger et al., 2018)

This very wide dynamical range enables the usage for not only real-time tip-tilt sensing,
but also for initial fiber and target alignment where a large dynamical range is favorable.

A similar analysis was performed to evaluate the sensing response of all MMFs for a
misaligned beam. This is shown in Fig. 4.8b with a schematic in Fig. 4.8a illustrating the
procedure. As the beam moves towards the rightmost fiber (blue), coupling is measured
for all six sensing fibers (two are not shown in the illustration) numbered by the angular
position in respect to the rightmost fiber. All signals show an initial linear response
with different slopes allowing reconstruction of the actual beam position. As there is
an initial response in all sensing fibers, some errors signals from other aberrations or
detector noise can be filtered.

Central aperture

The MLA was designed such that ∼70% of the total intensity is coupled into the central
SMF if the beam is aligned. This is less than the theoretical maximum of ∼80% (Shaklan
and Roddier, 1988) and is due to the fact that the central void part of the lens, i.e. the
unobscured area in front of the SMF, is smaller than necessary for maximum coupling
efficiency. This way, a sensing signal in the MMF can be provided even if the beam
is aligned, thus providing stability as sensing can be performed even for a very small
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Figure 4.8: Sensing signal for each MMF as the incoming beam moves from an aligned
position outwards as illustrated in image (a) (two fibers are not shown).
Image (b) shows the signal as function of the misalignment. The signal of
the three fibers in direction of the beam increases linearly while the signal
on the opposite fibers decreases linearly.
(Reprinted from Hottinger et al., 2018)

beam offset. Fig. 4.9 shows a range of possible choices for the diameter of the central
aperture between 100 µm (blue) to 130 µm (green). If the systems requirements demand
a higher sensing signal or on the contrary a higher SMF coupling, the design may be
adjusted accordingly. For a reasonable trade-off, we have decided on a central aperture
of ∼120 µm that yields both good coupling (∼70%) and a good sensing signal even for
an aligned beam (∼1%).

4.3.2 Tip-tilt correction

The MLA tip-tilt sensor described is this section provides a signal indicating that the in-
coming beam is misaligned. This sensor signal will then be transformed into a correction
signal which feeds a tip-tilt mirror within the iLocater front-end prototype. The sensor
and the mirror will then be able to correct in real-time and closed-loop. To read out
the sensing fibers, a fast, low-noise photo-detector can be used such that the correction
frequency is governed by the photon count of the science target.

As mentioned in Sec. 4.3.1, there is a response in all six sensing fibers if the beam
is decentered. This enables the development of an interaction matrix which takes into
account possible error signals that occur due to other aberrations than tip-tilt as well as
background noise.
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Figure 4.9: Tip-tilt sensor performance for different central apertures ranging from
100 µm (blue) to 130 µm (green) in diameter. Dashed lines correspond to
central SMF coupling and solid lines to sensing MMF coupling. For larger
central apertures, the maximum coupling efficiency into the SMF increases
but the sensing signal decreases. This trade-off between maximum coupling
and sensing sensitivity needs to be evaluated and chosen to fit the require-
ments of the system.
(Reprinted from Hottinger et al., 2018)

4.3.3 Manufacturing

Current approaches for fabricating individually lensed fibers rely on grinding (Szu-Ming
Yeh et al., 2005), etching (Eisenstein and Vitello, 1982) or melting techniques (Presby
et al., 1990). These require complex fabrication processes that are not well suited for
multi-core fibers (MCFs) or compact fiber bundles. In order to fabricate these, MLAs can
be glued onto the fibers. These lenses, however, must be aligned with the fibers in three
or six degrees of freedom, thereby considerably complicating the assembly, particularly
for SM fibers, where alignment tolerances are very stringent.

Recently it has been demonstrated, that in-situ fabricated beam-shapers allow ultra
low-loss coupling for a variety of application (Dietrich et al., 2018) including astrophoton-
ics (Dietrich et al., 2017). This technology makes use of 3D-lithography by two-photon
polymerization of a commercial IP-resist by Nanoscribe. This solves several problems:
Due to the flexibility of 3D-lithography lens designs can be adapted rapidly to any re-
quirements of the optimal system, ensuring best possible coupling. This is particularly
useful if the cores of the MCF or fiber bundle are not regularly spaced. Additionally,
the in-situ fabrication of lenses circumvents tedious alignment steps. Additionally, free-
form lenses can be formed in shapes that are difficult to manufacture using conventional
methods. They do not require any adhesives that may decrease both short-term and
long-term stability.
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4.4 KOOL: AO system testbed

Figure 4.10: Design layout of the Königstuhl Observatory Opto-Mechatronics Labora-
tory (KOOL). This adaptive optics (AO) testbed allows simulation and
correction of LBT vibrations with two tip-tilt mirrors and higher order aber-
rations with an ALPAO deformable mirror (DM). A HeNe Source (632 nm)
is used in the main setup including the wavefront sensor (WFS) (purple)
and an imaging arm (dark blue). A near-infrared (NIR) (1.31 µm) source
feeds both a fiber coupling arm (light blue) and a separate imaging arm
(violet). Both sources are SMF-fed.
(Reprinted from Hottinger et al., 2018)

We have developed an optical tested for performing realistic tests for vibration cor-
rection and single-mode fiber coupling in large telescopes, which we call Königstuhl
Observatory Opto-Mechatronics Laboratory (KOOL). This is a collaboration between
the MPIA in Heidelberg, Germany, ISYS in Stuttgart, Germany and the Landesstern-
warte Heidelberg (LSW, part of Zentrum für Astronomie der Universität Heidelberg) in
Heidelberg, Germany.

Fig. 4.10 shows the schematics of the setup. This testbed is separated into two sections.
Beam manipulation optics make use of several opto-mechanical components to generate
and manipulate a test beam that will simulate an incoming telescope beam. A first
tip-tilt mirror can introduce vibrations up to 50 Hz into the optical system, which can
be similar to the PSD of the LBT. Furthermore, the mirror is equipped with several
accelerometers to test the disturbance feed-forward control in real time (Glück et al.,
2017). Based on the accelerometers the low order aberrations as piston, tip and tilt
can be estimated on-line by a linear filter. A second tip-tilt mirror as well as the DM
can be used for the compensation of the vibrations. The frequency range of the tip-tilt
correction is up to 1 kHz. A phase screen (not shown) is also available and can introduce
atmospheric aberrations with variable speed. The DM is able to either correct for those
aberrations in closed-loop or it can itself introduce desired aberrations to simulate a
certain environment or a known telescope PSF. For both closed-loop operation, as well
as for wavefront quality control, this setup includes a WFS and a camera for imaging the
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PSF. All beam manipulation and closed loop operation is performed with a SMF-fed
HeNe source (632nm).

A second, near-infrared (NIR) source (1.31 µm) is also fed into the system with a
dichroic mirror. It passes through the AO system and it is then again reflected by
a dichroic mirror, entering the fiber coupling section. This section consists of a fiber
coupling arm to test and characterize SMF coupling and the final MLA tip-tilt sensor.
By using a beam splitter, the NIR source is also imaged onto a camera to compare fiber
coupling results to the PSF.

4.5 Discussion

Other options to sense tip-tilt aberrations include a pinhole mirror near the focal plane
to reflect any misaligned light, a beam splitter or dichroic mirror to image the PSF on a
charged-coupled device (CCD) or quad-cell detector (Esposito et al., 1997), the AO sys-
tem of the telescope, or an accelerometer based feed-forward control (Glück et al., 2017),
where the accelerometers are mounted at the telescope mirros and the reconstructed low
order aberrations are used for compensation in a disturbance feed-forward combined with
the AO system. Yet, the MLA tip-tilt sensor design introduced in this work yields many
advantages but also some challenges. To compensate for difficulties it is also possible to
combine different approaches. Such a system could combine a feed-forward system for
rough tip-tilt compensation and the MLA tip-tilt sensor for closed-loop high precision
correction.

Throughput The MLA tip-tilt mirror will couple almost all light into the SMF if the
beam is aligned. This can be increased in trade-off for sensitivity (see Sec. 4.3.1).
When imaging the PSF using a beam splitter, some light needs to to be diverted
and is therefore not available for coupling. This is not the case when using a
dichroic mirror as sensing is done in a different wavelength range. There will also
be no losses when using either the telescope AO system as no additional light is
diverted or when using an accelerometer based feed-forward system as no light is
detected all together. When using a pinhole mirror, the alignment precision of the
pinhole to the SMF will govern its throughput and can lead to large losses.

Vignetting Light may be vignetted by a pinhole in front of the focal plane causing
reduced coupling. This is especially worth considering as the pinhole mirror needs
to reflect the beam at an angle leading to an elliptical aperture. The MLA tip-
tilt sensor also suffers from vignetting as the central unobscured area in front
of the SMF acts as an aperture. However, this can be modeled reliably as in-
situ printing of the MLA assures good alignment and its circular shape assures
symmetry. All PSF imaging, AO correction and feed-forward control will not lead
to any vignetting.

Range The dynamical range is rather large on all afore mentioned options. An excep-
tion is the AO system of the telescope as a large tip-tilt error in the wavefront
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may already be outside the dynamical range of the WFS. The MLA brings the
additional advantage that the sensor provides a linear signal for a very large range.
Due to these properties the sensor can also be used for initial alignment on the
target.

Sensitivity The MLA tip-tilt sensor ensures excellent sensitivity, though some of it is
penalized by a lower maximum fiber coupling efficiency. Additionally, as the sens-
ing MMFs can be read out individually, the possibility to use low-noise read out
electronics can further increase sensitivity. As a pinhole in front of the SMF prac-
tically needs to be larger than the fiber to assure high throughput, sensing of
slight misalignment will not be challenging. Also, when imaging either the pinhole
mirror or the PSF directly on a CCD, readout noise will limit the sensitivity. Us-
ing a feed-forward system that makes use of an accelerometer will in general be
quite sensitive to small amplitude vibrations. The disturbance feed-forward sys-
tem mainly considers the vibrations in the telescope path. However, vibrations are
also introduced in the instrument path. To achieve optimal coupling an additional
sensor as the MLA is needed in a closed-loop system for high precision coupling.

Speed Again, as readout electronics can be chosen more freely, fast photo-diodes can be
used for the MLA tip-tilt sensor in combination with a simple tip-tilt correction
algorithm allowing correction frequencies that are only limited by photon count.
All sensors that rely on sensing with a CCD or a quad-cell detector are limited
by its readout and signal processing sampling. On the other side, a feed-forward
system can also work quite fast as the tip-tilt detection is independent of the
photon collection. Therefore the speed limitations only depend on the mechanical
dynamics of the sensor and the electronics.

Chromaticity Even though tip-tilt aberrations are known to be achromatic, it is worth
while mentioning that imaging the PSF with a dichroic mirror will lead to tip-
tilt sensing in a different wavelength range. An accelerometer based approached is
also wavelength independent leading to possible chromatic effects. All other tip-tilt
sensor options detect in the working wavelength range.

Non-common path aberrations Tip-tilt vibrations that occur between the sensing mech-
anism and the focal plane can cause most of the fiber coupling inefficiency. This is
mostly true for the AO system WFS and any accelerometer that will potentially
be much further upstream. Separate imaging of the PSF can also be affected by
non-common path aberration, strongly depending on where it is integrated into
the optical system. As sensing is done right before the focal plane for both the
pinhole mirror technique and MLA tip-tilt sensor, all vibrations throughout the
system are detected and can be corrected for. This also leads to the exciting pos-
sibility to not only use the MLA for real-time tip-tilt sensing but also to correct
for static higher order aberrations. As sensing is done near the focal plane and
in the working wavelength range, overall coupling efficiency can be optimized by
correcting with the DM. Furthermore, as there is data from one central SMF and
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six surrounding sensing fibers available, the optimization algorithm can make use
of more data than e.g. a quad-cell detector.

Size and complexity This is one of the main advantages of the MLA tip-tilt sensor.
While all other closed-loop systems depend on major modifications of the optical
setup, the MLA can be integrated easily without changing the optical train. For
this, the fiber bundle with the MLA is placed at the focal plane and readout
electronics can be mounted remotely. This compact design reduces complexity
and cost of the implementation into the system. On the other hand, design and
manufacturing of the fiber bundle and of the MLA itself are more complex but
also open up many possibilities as the free-form lenses allow adjustments to a wide
range of optical requirements and performance goals.

4.5.1 Comparison to prototype

An initial design and prototype was introduced in 2017 (Dietrich et al., 2017) (3D model
shown in Fig. 4.11a). The design in this work is based upon this prototype but incor-
porates a number of major changes. First of all, the prototype design also refracts the
incoming beam when it is aligned to the optical axis and focuses it onto the SMF. The
new design from this work offers two major improvements in that regard. By allow-
ing the aligned beam to pass to the fiber coupling plane without refraction, the design
from this work offers two improvements. Firstly, the optical path does not need to be
modified for the MLA tip-tilt sensor to be integrated into the system. Secondly, this
design guarantees maximum performance if the beam is aligned as the optical system
is designed for maximum coupling efficiency. Therefore, possible error sources such as
reflection, absorption, limited surface quality and chromaticity of the lens material can
be disregarded.

Furthermore, the prototype makes use of SMFs for sensing, leading to a sensing signal
that is very similar to that of the central SMF that leads to the instrument. This is
plotted in Fig. 4.11b. The design introduced in this work, on the other hand, is able to
create a linear response because the usage of MMFs allow more tolerances and enable
a more efficient fiber coupling (compare to Fig. 4.6). As using SMFs do not offer any
advantage for the sensor readout, the only disadvantage of using MMFs is an increased
coupling of spatially separated objects or other aberrations than tip-tilt.

4.6 Conclusion

In this work we have introduced a preliminary design for a tip-tilt sensor with integrated
SMF coupling that is optimized to be used with the prototype front-end of the SM spec-
trograph iLocater. This design can be integrated into the existing fiber coupling optics
without any modifications. When sensing tip-tilt motion of the incoming beam, mod-
eled performance yields a linear response, which simplifies signal processing correction
algorithms. The device can be modified to fit system requirements and performance
goals.
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(a) (b)

Figure 4.11: Prototype MLA (green) printed on top of a multi-core fiber (MCF) (blue)
consisting of seven single-mode fibers (SMFs) (black) as introduced by Di-
etrich et al. (2017). Image (a) shows a 3D model of the design. Image
(b) shows the single-mode fiber (SMF) coupling efficiency normailized to
the maximum coupling efficiency for both the the central fiber (red line)
and the outer sensing fiber (dashed orange line). Note the different sensing
response in comparison to the design introduced in this work as plotted in
Fig. 4.6.
(Reprinted from Hottinger et al., 2018, adapted from Dietrich et al., 2017)
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We have discussed the advantages of this sensor when compared to conventional tip-
tilt sensing options. This includes the compactness of the device, the capability to
integrate it into existing optical systems easily, the sensing at the focal plane to avoid
NCP vibrations and a higher sensitivity and sampling frequency as detectors can be
chosen much more freely. Due to its wide dynamical range, this design can be used for
initial fiber and target alignment. Furthermore, it can be used to feed NCP aberration
optimization algorithms.

We have also introduced the adaptive optics (AO) testbed KOOL which can be used
to introduce and correct LBT vibrations and higher order aberrations. We will use this
testbed to test, characterize and optimize this device.

We are currently in the final design stages and will be manufacturing the final device
soon. This will be tested at KOOL and then be integrated and tested at the LBT.
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5 Laboratory characterization and
integration

The following chapter is a reprint of the publication by Hottinger et al., titled Focal plane
tip-tilt sensing for improved single-mode fiber coupling using 3D-printed microlens-ring.
It is a written proceeding to a presentation given by myself at the conference Adaptive
Optics for Extremely Large Telescopes (AO4ELT6) held in Québec City, Canada in 2019.

A number of people have been involved in this publication and everybody has m ade
a substantial contribution. I have been responsible for large parts of the manuscript,
setting up the system as a whole as well as performing the presented laboratory charac-
terizations.

Summary and context

The proceeding gives an overview of the final design and presents the final MLR hard-
ware, and its response as measured in the lab is presented.

The overall sensor system is described and how it integrates with the iLocater front-
end prototype. The sensor integration was tested with the iLocater coupling interface
at the University of Notre Dame in Indiana, USA.
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Proceeding to AO4ELT6, 2019: Focal plane tip-tilt sensing for
improved single-mode fiber coupling using a 3D-printed
microlens-ring

(Reprinted with adapted formatting)

P. Hottinger, R. J. Harris, P.-I. I. Dietrich, M. Blaicher, A. Bechter, J. Crass, M. Glück,
J.-U. Pott, N. A. Bharmal, A. Basden, T. J. Morris, C. Koos, O. Sawodny, and A. Quir-
renbach. Focal plane tip-tilt sensing for improved single-mode fiber coupling using a
3d-printed microlens-ring. In Proceedings of AO4ELT6, pages 1–7, Dec. 2019

Abstract

Modern extreme adaptive optics (ExAO) systems achieving diffraction-limited perfor-
mance open up new possibilities for instrumentation. Especially important for the fields
of spectroscopy and interferometry is that it opens the possibility to couple light into
single-mode fibers (SMFs). However, due to their small size, efficient coupling is very
sensitive to the quality of the fiber alignment, beam drifts and higher-frequency tip-tilt
aberrations caused by telescope mechanics and vibrations. These residual aberrations
are not always sensed and corrected by the AO system, leading to unacceptable losses.
This is particularly severe for the Extremely Large Telescopes, where their huge struc-
ture will mean vibrations increase and optimal AO solutions are even more difficult to
implement.

We have created a focal plane sensor to correct for residual aberrations by surrounding
the SMF with six Multi-mode fibers (MMFs). On each of the MMFs sits a printed
freeform lens, making up a six-element micro-lens ring (MLR) to refract the light into
these surrounding MMFs and thus minimizing light loss in the gap between the fiber
cores. This means when the beam is near diffraction limited and centered almost all
light couples to the SMF. When the beam is misaligned, it couples to the surrounding
cores, which are read out by a detector and processed by the Durham Adaptive Optics
Real-Time Control (DARC) software driving a tip-tilt mirror. Currently we are aiming
to detect and correct only tip-tilt aberrations. However, choosing to surround the central
fiber with six sensing locations potentially allows us to investigate higher order correction
modes.

Here we present the design and performance our prototype system. This has been
designed for use with the iLocater fiber injection system at the Large Binocular Telescope
and can easily be scaled to larger telescopes. We present test results from the KOOL
laboratory in Heidelberg and initial integration with the iLocater instrument.

5.1 Introduction

In recent years, the development of advanced AO systems has opened up new possibil-
ities: ever-improved image quality, a wider FoV and greater sky coverage, leading to
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new discoveries in fields of astronomy from direct imaging of exoplanets (Rodigas et al.,
2014) to examining the motions of the stars around Sgr A* (Gillessen et al., 2009) .
In particular the development of ExAO has enabled 8-10m class telescopes to achieve
diffraction-limited optical performance, where they would otherwise be seeing-limited
(Esposito et al., 2011; Macintosh et al., 2014; Beuzit et al., 2008). Whilst the FoV is
limited, this enhanced capability has allowed objects to be viewed with far more detail
than ever before.

This improvement has also opened new doors in the field of spectroscopy. Conven-
tionally, spectrographs had large entrance apertures, matched to the seeing limit. In
the case of fiber fed spectrographs, this meant using MMFs, with core diameters on the
order of 100 microns. Due to their large core diameter, the light from the telescope could
be efficiently coupled from the telescope, though this formed a large entrance slit to the
spectrograph. Due to the instrument scaling laws, the instruments behind had to be
appropriately scaled in size (Lee and Allington-Smith, 2000). Using an ExAO system
reduces the size of the PSF to the diffraction limit, which in turn allows the size of the
fiber core to be reduced. These fibers are called SMFs and by coupling into their smaller
entrance aperture and usually smaller NA, the spectrographs that are fed with SMFs
can not only be reduced in size, while maintaining the same spectral resolution, but are
also free of conventional modal noise (Crepp et al., 2016). This leads to increased sta-
bility and reduced cost for the instrument. Whilst in principle this is an ideal solution,
it comes at the cost of increased alignment tolerances. In recent years, there have been
several attempts to couple light from large telescope into SMFs, but the coupling effi-
ciency highly depends on initial fiber alignment, as well as long term movement (beam
drifts) and higher-frequency tip-tilt motions (Bechter et al., 2016). These can originate
both from residual atmospheric aberrations or from telescope and instrument flexure
and vibrations.

We have developed a fiber based focal plane tip-tilt sensor to compensate for the
movements and tip-tilt vibrations. The concept was introduced in 2017 (Dietrich et al.,
2017) and a modified preliminary design was presented in 2018, as a tip-tilt sensing MLA
(Hottinger et al., 2018).1 The tip-tilt sensor is based upon a fiber bundle consisting of
the “science” SMF and six surrounding sensing MMFs. A MLR sits on top of the fiber
bundle tip and refracts increasing amounts of light into the corresponding surrounding
sensing fibers as the beam gets misaligned. Analysis of the amount of light coupled into
these fibers then allows reconstruction of the actual beam position, i.e. the tip-tilt. This
device is designed to be retrofitted to any SMF fed spectrograph, but our prototype is
specifically designed for the prototype of the iLocater spectrograph (Crepp et al., 2016)
at the LBT.

In this work we outline the working principles of the fiber-based tip-tilt sensor and
the corresponding application (Sec. 5.2), as well as its performance in lab conditions

1Despite the difference in name, the working principles presented in this work are identical to the ones
in Hottinger et al. (2018). The actual geometry of the lenses has inspired us to rename the 3D
printed lens to micro-lens ring (MLR) instead of micro-lens array (MLA), due to design having a
central aperture and the overall shape being point symmetric. The fiber arrangement has changed
slightly as printing restrictions required the use of MMFs with larger core sizes.
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(a) Centered (b) Offset 5µm (c) Offset 10µm

Figure 5.1: Modeled ray propagation through the micro-lens ring (MLR) for an incoming
beam that is (a) aligned and offset by (b) 5µm and (b) 10µm, respectively. In
the platescale of iLocater frontend (at 1 µm), the diffraction limit 1.22λ/D ∼
60mas corresponds to ∼3.9µm offset. Please note that the number of rays
propagating to the tip of the single-mode fiber (SMF) does not correspond
to the coupling efficiency.
(Reprinted from Hottinger et al., 2019)

(Sec. 5.3). In Sec. 5.4 we disucss advantages of this sensor before summarizing and
highlighting future work in Sec. 5.5.

5.2 Design

5.2.1 Optical principle

At the focal plane of the telescope, the tip-tilt sensor is formed of a fiber bundle, which
consists of one central SMF (Fibercore SM980, 1/e2 MFD=5.8µm) and six surrounding
MMFs (Thorlabs, core size 105µm, NA=0.22). The central science fiber guides the light
from the telescope to the spectrograph. This fiber is taken from the same production
batch as the fiber for iLocater, which allows us to match the MFD and therefore increase
throughput. The surrounding MMF are fed to the sensing system. As these fibers do
not feed the spectrograph we can make use of the larger core diameter MMFs, to allow
for better coupling through reduced alignment tolerances. A small fraction of the light is
coupled into these fibers even when the PSF is on axis to allow for correction feedback.
This principle is illustrated in Fig. 5.1 for an aligned beam (a) that achieves maximum
coupling efficiency into the science fiber while only a low amount of light is evenly
distributed into the surrounding sensing fibers. When the incoming beam is misaligned
by 5µm (b) and 10µm (c), the amount of light that couples to the sensing fibers located
in the direction of the displacement increases.
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Figure 5.2: DSLR photograph of micro-lens ring (MLR). The lens stands around 380
µm tall and around 400 µm in diameter.
(Reprinted from Hottinger et al., 2019)

5.2.2 Manufacturing

As the design for our MLR is unusual, this would be excessively expensive to design and
produce using conventional methods. To make our sensor economically viable we use an
in-situ printing technique developed for the telecommunications industry and recently
tested for astronomical applications (Dietrich et al., 2017, 2018). This technique uses
3D-lithography by two-photon polymerization of a commercial IP-resist from nanoscribe
and allows us to print directly on the tip of the fiber. Printing on the tip of the fiber
allows very precise alignment of the lenses to the cores, as the position of the individual
cores is measured before printing and the printing position adjusted to compensate for
any differences between design and manufactured bundle.

Fig. 5.2 shows the completed MLR on top of a FC/PC connector ferrule. The lens
stands approximately 380 µm tall and has a diameter of approximately 400 µm. The
central aperture has a diameter of approximately 80 µm leaving the light path to the
science fiber uneffected. Using an aperture instead of a lens means reflections and surface
quality do not play a role in the SMF coupling and the iLocater system does not have
to be modified to accommodate the new lens. There is a limited effect due to the edges
of this hole vignetting the beam, which results in a slight chromatic coupling efficiency
difference.
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(a) Modeled (b) Measured

Figure 5.3: Fiber response in respect to centroid position for both modeled throughput
in the ray tracing software Zemax (a) and for measured throughput at the
iLocater fronted prototype in the lab (b). The vertical gray line denotes the
diffraction limit at λ ≈ 1µm. SMF coupling (light blue markers, left y-axis)
MMFs coupling (right y-axis) for all six sensing fibers, from same direction
as the misalignment (orange marker, corresponding to very right fiber with
green rays in Fig. 5.1), the two adjacent fibers (green, pink, corresponding
to second fiber from right with red rays on Fig. 5.1), to the three fibers on
the opposite direction (brown, red, violet, corresponding to two left fibers
with pink rays on Fig. 5.1). All MMFs have differing throughputs, which are
normalized in this graph for illustration.
(Reprinted from Hottinger et al., 2019)

5.2.3 Correction

The six surrounding MMFs are separated from the SMF using a 3D printed fiber breakout
and rearranged to form a linear array, which is then re-imaged onto a InGaAs camera
(First Light C-Red 2). The fluxes of the individual fibers are read, and processed by
Durham Adaptive Optics Real-Time Controller (DARC) (Basden et al., 2010; Basden
and Myers, 2012), running on a computer equipped with a consumer grade CPU (i5-
8400). DARC then reconstructs the actual centroid position from the six fluxes using
a sine-fit approach with some calibration correction. The loop is then closed by an
integration correction, feeding a signal to a tip-tilt mirror upstream.

5.3 Results

Setup and optimization of the fiber-based tip-tilt sensor and the corresponding control
system were carried out at the KOOL (Hottinger et al., 2018), in Heidelberg, Germany.
Initial integration tests were conducted at the iLocater frontend prototype at the Uni-
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versity of Notre-Dame in Indiana, USA.

Fig. 5.3 shows the response for the seven individual fibers depending on the centroid
position for both modeled throughput in the ray tracing software Zemax (a) and for
measured throughput at the iLocater fronted prototype in the lab (b). As the incoming
beam is de-centered, the SMF coupling (light blue markers, left y-axis) decreases signifi-
cantly within a few µm. On the right y-axis, the response on the sensing fibers is plotted.
The amount of coupled light increases for the MMF corresponding to the direction of
the offset (orange marker, corresponding to very right fiber with green rays in Fig. 5.1)
as well as the two adjacent fibers (green, pink, corresponding to second fiber from right
with red rays on Fig. 5.1). The throughput of the MMFs opposite to the misalignment
decreases (brown, red, violet, corresponding to two left fibers with pink rays on Fig. 5.1).
All MMFs have differing throughputs which are normalized in this graph for illustration.
The actual difference originates in residual aberrations in the PSF of the optical setup,
in the reconstruction algorithm this is accounted for by a calibration correction.

The overall flux in the six sensing fibers amounts to 2.3% of the overall incoming flux
in the lab measurements compared to 10% expected from modeling, which is still being
investigated. The SMF coupling efficiency is designed to amount to 67% of the overall
incoming light which is less than the ∼80% that is theoretically possible when coupling an
Airy pattern into a SMF (Shaklan and Roddier, 1988). The measured maximum coupling
efficiency is 58% somewhat lower than the expected performance from modeling. This
∼10% percentage points difference corresponds to the 70% coupling efficiency into a
regular bare SMF that was achieved on the same setup which is also ∼10 percentage
points below the achievable maximum coupling efficiency. We therefore account that
difference to residual aberrations in the beam and likely induced in the optics used in
generating a simulated telescope beam in laboratory testing.

While most of the modeled and designed characteristics are achieved, these discrep-
ancies in coupling efficiency remain and still need to be fully understood. Furthermore,
as seen in Fig. 5.3b, the response is not as linear as expected. This calls for a more
complicated reconstruction algorithm. A simple fitting approach with a sine function
was able to recover the measured PSD quite accurately. This is shown in Fig. 5.4 for
reconstruction (orange) of an artificially introduced vibration (blue). Further calibration
correction is being developed to increase accuracy.

5.4 Discussion

The setup of the correction system and laboratory results show that the fiber based tip-
tilt sensor is capable of sensing aberrations. Yet, both coupling efficiency of the SMF at
58% is less than expected (67%) and coupling into the sensing MMFs yields considerably
less light than modeled (2.3% compared to 10%). The response also shows a deviation
from the predicted linear response, requiring higher order reconstruction algorithms.

When introducing higher order aberrations, the sensor response also shows very char-
acteristic signals. This can already be used to identify signatures of individual modes
and will be further improved to yield NCP wavefront data.
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Figure 5.4: Power spectral density (PSD) of the position in x-direction of introduced
vibrations as seen on a separate detector that images the PSF (blue) and
recovered by the fiber based tip-tilt sensor presented in this work (orange).
(Reprinted from Hottinger et al., 2019)

Compared to conventional beam stabilization strategies the fiber based tip-tilt sensor
presented in this work yields several advantages. While most techniques direct light off
to a separate detector such as a quad-cell (Esposito et al., 1997), the fiber based tip-tilt
provides an excellent point of measurement shortly before the focal plane feeding the
science fiber. This ensures that there are no NCP aberrations between the science fiber
and the sensor, allowing the observer to optimally couple light from the telescope. Fur-
thermore it is very compact and can easily be integrated into any (existing) instrument,
only requiring the space for the fiber itself while the read out optics and electronics
can be placed in a remote location. This can reduce complexity and cost for different
applications. Further research will therefore go into implementing this sensor in small,
compact systems and telescopes. Other advantages are the very predictable vignetting
of the light within the system and a wide dynamical range as light is coupled into the
sensing fibers even for rather large offsets making it also suitable for coarse (initial)
alignment processes.

5.5 Conclusion

In this work we present a fiber based tip-tilt sensor that has been designed to improve
SMF coupling at the iLocater front end and presented initial laboratory results. Our
novel sensor shows a very distinctive response to a misaligned incoming beam. Yet,
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the coupling efficiencies on both the central science SMF and the surrounding sensing
MMFs are lower then expected. Furthermore, an unexpected non-linearity calls for a
more complicated reconstruction algorithm.

The sensor is made possible by new exciting technologies such as the two-photon
polymerization used for manufacturing the MLR for this device. Only little light is used
for sensing if the beam is aligned and only when the beam becomes misaligned more light
is refracted into the sensing fibers. Its advantages are its compact design and sensing
at the fiber coupling focal plane, which are not possible with traditional systems, and
the potential to sense higher order aberrations. We plan to test it with realistic on-sky
conditions at the iLocater front-end at Large Binocular Telescope in the near future.
Coupled to a suitable AO system, this could be an important tool for coupling SMFs to
ELT class telescopes.

Acknowledgments

This work was supported by the Deutsche Forschungsgemeinschaft (DFG) through project
326946494, ‘Novel Astronomical Instrumentation through photonic Reformatting’.

This publication makes use of data generated at the Königstuhl Observatory Opto-
mechatronics Laboratory (short: KOOL) which is run at the Max-Planck-Institute for
Astronomy (MPIA, PI Jörg-Uwe Pott, jpott@mpia.de) in Heidelberg, Germany. KOOL
is a joint project of the MPIA, the Landessternwarte Königstuhl (LSW, Univ. Heidel-
berg, Co-I Philipp Hottinger), and the Institute for System Dynamics (ISYS, Univ.
Stuttgart, Co-I Martin Glück). KOOL is partly supported by the German Federal Min-
istry of Education and Research (BMBF) via individual project grants.

73

jpott@mpia.de




6 On-sky results

The following chapter is a reprint from the 2021 peer-reviewed publication by Hottinger
et al. in JOSA B, titled On-sky results for the integrated micro-lens ring tip-tilt sensor. It
was published as an article in the feature issue ‘Astrophotonics’ which brought together
a number of new publications in applied photonics in the field of astronomy. It is the
summary of the on-sky tests that were performed with the MLR-TT sensor in 2019.

Contribution

There are a number of people involved in this project and it is important to acknowledge
the important contributions that each of them has provided to its success and correspond-
ingly to the publication of this article. All authors have contributed significantly to the
project and have played an appropriate role in publishing the paper both in action and
in writing; see acknowledgments for an overview of the different contributions.

I, the author of this thesis, have been the leader of the project. I have been responsible
for the design of the sensor itself, but also for the system as a whole as has been described
throughout this work. This includes all parts of optical designs of the MLR, the read-
out optics, and the laboratory modifications, it includes the mechanical design of the
setup and the electronic design of the read-out and computational component. I have
performed all laboratory tests and performed the integration test at the University of
Notre Dame, IN. I have set up the system at Large Binocular Telescope (LBT) and
performed on-sky measurements with the MLR-TT sensor and have subsequently done
data processing and analysis. I have also been responsible for most of the segments of
the text itself.

Summary and context

This publication presents the results of on-sky experiments with the MLR-TT sensor.
This marks the first high point of the development of the sensor system and its integration
with the iLocater acquisition camera going back to the beginning of concept development
in 2016 (Dietrich et al., 2017). The paper not only presents the results of the experiments
but also gives a general overview of the system including the optical design, the electrical
communication, and the software employed with the control algorithms.

The most important data is the recorded performance of the sensor during nighttime
observations on stellar targets together with the corresponding reference measurements
by the Andor focal plane camera. Furthermore, laboratory measurements that were
performed afterward to characterize the lenses were included. To replicate the sensor’s
on-sky behavior, AO simulations were performed with the HCiPY package (Por et al.,
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2018). This includes both synthetic atmospheric modeling as well as simulated wavefront
correcting coupling into an approximated MLR-TT sensor.

In this publication, it is shown that the sensor is generally able to reconstruct the
centroid, i.e. tip and tilt disturbance, but it also shows that the sensor’s measurements
significantly deviate from the reference measurements performed by the focal plane cam-
era. This is further supported by the observation that the closed-loop control using the
sensor is not able to efficiently correct this disturbance. This discrepancy is shown to be
most prominent in the lower frequencies where lower-order Zernike modes dominate the
residual aberrations of the incoming wavefront.

That behavior is shown to have a significant trend with respect to the measured
SR, showing an improvement in tip-tilt recovery with decreasing residual aberrations.
Using the synthetic setup to replicate the on-sky observation, this trend is also visible,
supporting this interpretation.
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JOSA B, 2021: On-sky results for the novel integrated
micro-lens ring tip-tilt sensor

(Reprinted with adapted formatting)
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results for the integrated microlens ring tip-tilt sensor. JOSA B, 38(9):2517–2527, Sept.
2021. ISSN 1520-8540. doi: 10.1364/JOSAB.421459

Abstract

We present the first on-sky results of the micro-lens ring tip-tilt (MLR-TT) sensor.
This sensor utilizes a 3D printed micro-lens ring feeding six multi-mode fibers to sense
misaligned light, allowing centroid reconstruction. A tip-tilt mirror allows the beam to
be corrected, increasing the amount of light coupled into a centrally positioned single-
mode (science) fiber. The sensor was tested with the iLocater acquisition camera at
the Large Binocular Telescope in November 2019. The limit on the maximum achieved
root mean square reconstruction accuracy was found to be 0.19λ/D in both tip and
tilt, of which approximately 50% of the power originates at frequencies below 10 Hz. We
show the reconstruction accuracy is highly dependent on the estimated Strehl ratio and
simulations support the assumption that residual adaptive optics aberrations are the
main limit to the reconstruction accuracy. We conclude that this sensor is ideally suited
to remove post-adaptive optics non-common path tip tilt residuals. We discuss the next
steps for the concept development, including optimizations of the lens and fiber, tuning
of the correction algorithm and selection of optimal science cases.

6.1 Introduction

In recent decades, improvements in the performance of an increasing number of ExAO
systems has led to the ability to image near the diffraction-limit using 8 m-class telescopes
(Beuzit et al., 2008; Esposito et al., 2011; Macintosh et al., 2014; Jovanovic et al., 2015).
These ExAO systems focus on achieving the best performance over a small FoV and
regularly achieve SRs of 80% in the NIR. One of the most prominent goals for these
systems is the direct observation and characterization of exoplanets (Angel, 1994), for
which high angular resolution and contrast are crucial. The high level of correction
provided by these ExAO systems also makes it possible to efficiently couple light from
the telescope directly into SMFs (Bechter et al., 2016). SMFs have a core diameter of
the order of ten microns, which can only transport the fundamental fiber mode. As this
mode is the only spatial mode transported and has a near-Gaussian intensity profile,
the corresponding output beam is very stable and easy to model. SMFs also act as a
spatial filter and couple very little sky background (Crepp et al., 2016). This makes them
highly suitable for direct exoplanet spectroscopy (Haffert et al., 2020) and interferometry
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(Coudé du Foresto, 1994; Le Bouquin et al., 2011; Gillessen et al., 2010; Cvetojevic
et al., 2018; Martinod et al., 2018). When coupled to a high resolution spectrograph,
SMFs also remove conventional modal noise, allowing an increase in the achievable radial
velocity (RV) precision (Cvetojevic et al., 2017). A number of SMF-fed spectrographs
are currently under development, including iLocater at LBT (Crepp et al., 2016; Crass
et al., 2020), SPHERE and CRIRES+ at the Very Large Telescope (VLT) (Vigan et al.,
2018), RHEA and IRD at SCExAO/Subaru (Feger et al., 2014; Kotani et al., 2018) and
KPIC at Keck (Mawet et al., 2016).

As the size of the fiber is of the order of the diffraction limit (λ/D, where λ is the
wavelength and D the diameter of the telescope), the alignment accuracy is highly de-
pendent on the PSF stability (see Fig. 6.1 for an example of relative coupling efficiency
as a function of residual tip-tilt position). Any vibrations that occur throughout the
telescope system and influence the position of the PSF in the focal plane can have a
large impact on performance. These variations can be caused by electrical and mechan-
ical components such as fans and pumps, but can also be induced by wind, atmospheric
distortions and dome seeing (Milli et al., 2018). As these variations can have both large
amplitude and high frequencies, the AO system may not be able to compensate for them
sufficiently and, if they can occur outside the path to the WFS, they will not be sensed.
These variations can effect the performance significantly (Lozi et al., 2018b) and turn out
to be a limiting factor when coupling into SMFs, with coupling efficiency being degraded
by as much as a factor of two (Bechter et al., 2019).

Besides high-order AO correction, efficient SMF-coupling therefore requires a method
to accurately sense and correct induced tip-tilt variations. Traditionally, this is accom-
plished by detecting the PSF at the focal plane either with a fast quad-cell photo detector
(Esposito et al., 1997) or camera, computing the centroid position, and feeding back a
corresponding error signal to a fast tip-tilt correction mirror. More advanced systems
include feed-forward correction of mechanical vibration measurements with accelerom-
eters (Glück et al., 2017) and the deployment of complex metrology systems utilizing
concurrent alignment lasers (Lippa et al., 2016). While most of these systems have been
adopted at large telescopes, they all have a significant mechanical and optical footprint,
throughput loss, tend to become complex in operation, and are vulnerable to NCP effects
as the tip-tilt correction is performed at a different optical surface than the SMF face.

Different fiber based photonic sensor concepts are being investigated in the community
to complement conventional AO systems (Corrigan et al., 2016; Norris et al., 2020c).
The concept presented in this work draws from Dietrich et al. (2017), who developed a
sensor with multiple SM cores equipped with an micro-lens array to refract the beam at
the focal plane for both science instrument and tip-tilt sensing. Our modified concept
features MMFs in conjunction with a MLR (Hottinger et al., 2018) for sensing and is
called the micro-lens ring tip-tilt (MLR-TT) sensor (Hottinger et al., 2019). We present
first on-sky results of this novel tip-tilt sensor with the iLocater acquisition camera at
the LBT (Crass et al., 2020).

In Section 6.2, we describe the sensor concept and the methods used to design, man-
ufacture and employ it at the telescope along with outlining our simulation approach.
In Section 6.3 we present our on-sky results and supporting simulations and in Section
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Figure 6.1: Numerically calculated theoretical normalized coupling efficiency assuming
an optimally coupled diffraction-limited PSF with additional residual tip-
tilt variation, plotted in units of λ/D. The measured RMS residuals at
the iLocater focal plane are also indicated, without beam stabilization at
0.61λ/D resulting in a theoretical reduction by 44% (red line), and with
additional stabilization with a quad-cell detector improving tip-tilt stability
to 0.39λ/D, leading to a tip-tilt induced coupling loss of 24% (green line)
(Crass et al., 2020).
(Reprinted from Hottinger et al., 2021)

6.4 we discuss these results and future developments before presenting our conclusions
in Section 6.5.

6.2 Design and methods

The MLR-TT sensor concept is depicted in Fig. 6.2 as both a schematic cross-section
of the optics (Fig. 6.2, left-hand side) and as images of the manufactured components
(Fig. 6.2, right-hand side). The details are re-iterated here, with additional information,
for clarity:

1. The sensor consists of a fiber bundle containing six MMFs surrounding a SMF,
located at the iLocater focal plane. On the fiber face, a MLR stands 380 µm tall
and 355 µm wide with a central aperture of 86 µm.

2. The central part of the beam is injected into the SMF, while the outer edge is
clipped and refracted by the MLR. Depending on the alignment of the beam, the
proportion of light clipped by the MLR changes, which modifies the coupling into
the individual MMFs.
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3. The MMFs are separated from the SMF, re-arranged to form a linear array, re-
imaged, and read out by a detector.

4. The illumination pattern of the MMFs is processed to reconstruct the original
PSF centroid position, which can be fed back to a fast steering tip-tilt mirror for
correction.

6.2.1 Fiber bundle design

The fiber bundle was manufactured commercially (Berlin Fibre GmbH) and holds the
array of seven fibers terminated into an FC/PC connector which is then connected to
the iLocater fiber feed mount. The fibers are stripped of their furcation tubing and
buffer and are placed in the connector with a pitch of 125 µm. After 30 cm, the SMF and
the MMFs separate into two individual 5 m-long fiber cables: 1) the science SMF, which
is terminated to an FC/PC adapter to feed the science instrument and 2) the sensing
MMFs, which are rearranged into a linear array within an SMA connector.

The SMF (Fibercore SM980) features a MFD of 5.8 µm (1/e2-intensity at 980 nm)
and is taken from the same batch of the fiber that will feed the iLocater spectrograph,
minimizing any fiber-to-fiber coupling losses further down the fiber link. To simplify
design and production, the MMFs are off-the-shelf fibers (Thorlabs FG105LCA). Their
optical properties (core diameter 105 µm, NA=0.22) were chosen in order to reduce
the core-to-core separation between the SMF and MMFs, reducing the 3D printed lens
dimensions.

6.2.2 Lens design

Design and optimization of the MLR were performed using the optical design software
Zemax OpticStudio. To calculate the coupling efficiency into the SMF, the Physical
Optics Propagation (POP) tool was employed, and for MMF coupling the Imaging tool
was used. POP uses Fourier and Fresnel propagation, which is crucial when handling
the near-Gaussian mode of the SMF and the complex illumination pattern on the MLR.
It is computationally intensive however, so to design the shape of the lenses, the Imaging
tool was used, which utilizes a ray tracing algorithm to estimate the coupling efficiency
into MMFs.

For our technology demonstrator, we aimed to have a strong signal for tip-tilt sensing
while also enabling high SMF coupling efficiency. This will both increase the SNR and
also provide a signal in all six fibers within a reasonable dynamic range. The diameter
of the central aperture was chosen to clip ∼13% of the light, reducing the maximum
achievable SMF coupling efficiency with an idealized circular pupil from ∼80% (Shaklan
and Roddier, 1988) to ∼65%. Using this aperture, the surface shape of the MLR was then
optimized to maximize the MMF coupling efficiency, weighted to favor on-axis beams
with decreasing priority for misalignment up to 100 µm (corresponding to ∼20λ/D). The
surface shape of the individual lenses needs to provide suitable optical power to focus the
incoming clipped part of the beam into the MMF. This was achieved by optimizing the
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Figure 6.2: Overview of the micro-lens ring tip-tilt sensor (MLR-TT). (a) Schematics of
the setup. The starlight (red) is coupled into the SMF (dark blue), while
some light at the edges of the beam is clipped and refracted (orange beam)
by the MLR (light blue) to be coupled into the sensing MMFs (dark green).
The fibers are embedded in a fiber bundle that fans out into a single SMF
which then feeds the starlight into a science instrument and the six MMFs
that are reformatted into a linear array mounted in an SMA connector. The
sensing fibers are then re-imaged and the detected flux is used to reconstruct
the centroid position of the telescope beam. (b) Microscope image of the
MLR on the fiber bundle face, (c) microscope image of back-illuminated fiber
bundle, (d) sensing fiber output at the fiber connector, and (e) re-arranged
detector signal for visual examination of the reconstruction algorithm with
the green cross indicating the centroid position.
(Reprinted from Hottinger et al., 2021)
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spherical shape and then adding corrections with both Zernike focal sag and separate
conical constants in both directions. A strong optical power was necessary to refract the
beam from the inner edge of the microlens to the MMF. For this, polynomial corrections
were successively applied up to fourth order in the axis parallel to the radial axis, no
additional correction was applied in the angular direction.

6.2.3 Lens manufacturing

The MLR was manufactured using two-photon polymerization using a proprietary resin
on the fiber tip (Dietrich et al., 2018), which allows the manufacturing of free-form
lenses on small scales. Due to the use of stages in the printing process, these structures
can take arbitrary shapes, limited by the need for an appropriate support structure and
macroscopic forces. The printing is aided by back-illuminating the fiber bundle and yields
sub-micron alignment precision (Dietrich et al., 2017) compensating for irregularities in
the bundle geometry. The process allows a precision of ∼100 nm and a RMS surface
roughness of ∼10 nm. The physical size was limited to the maximum build height of
approximately 400 µm, due to the manufacturing stages and microscope objective NA.

Once the MLR was printed on the fiber the FC/PC connector was then placed within
a bulkhead adapter (Thorlabs HAFC) for mechanical protection.

6.2.4 Laboratory sensor response

As the custom lenses belonging to the iLocater acquisition camera were unavailable for
laboratory experiments, the MLR-TT sensor’s response was tested using commercial
lenses. A SMF illuminated by a 1050 nm SLED source (Thorlabs S5FC1050P), was
apertured and a Thorlabs AC127-025-C lens was used to produce an NA of 0.14, simu-
lating the telescope’s Airy disc. The experimental system provided a lower throughput
than the final on-sky experiment, due to lower image quality. The results in Fig. 6.3
show the sensor’s response to an gradually off-centered beam in the laboratory setup,
both as modeled and as measured. The modeled SMF coupling efficiency (Fig. 6.3,
top) includes Fresnel reflection loss of 3.5% at both fiber input and output face. The
maximal achievable coupling efficiency within the MLR-TT sensor’s SMF is measured
at 59.9 ± 0.6% which is slightly lower than the expected value of 63.2% at the given
wavelength. This coupling efficiency then drops off slightly faster than expected with an
off-centered beam but features a slightly increased coupling for misalignment of up to
2.2λ/D. The causes of this behavior still to be understood but are likely due to fiber
bundle and lens imperfections.

The response of the sensing MMFs (Fig. 6.3, center) follows the modeled curves well,
though the six sensing MMFs are not evenly illuminated when the beam is centered.
During alignment we found that the illumination pattern depends strongly on the fiber
alignment angle (pitch and yaw) and could not be completely corrected. This can result
from asymmetries in the beam or uneven MMF properties such as irregular spacing or
different fiber losses. In practice this is corrected by the calibration routine (Sec. 6.2.6).

Laboratory results show the MLR couples 4.1% of the overall light into the MMFs
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when the beam is centered, which is 30% lower than the modeled value of 5.8% (this
includes 11% reflections and losses from the fiber and 8% from the lens). Interestingly,
this loss remains constant with respect to beam position (Fig. 6.3, bottom) up to a
centroid offset of ∼3λ/D. We presume that the remaining mismatch is due to a non-
optimally shaped lens surface. The ray approximation as described in Sec. 6.2.2 only
considers a central top-hat beam but fails to accurately account for the diffractive pattern
that illuminates the lenses outside the central beam.

Theoretical throughput calculations and the corresponding photon, sky background
and camera noise associated with the described system show that with this reduced
sensor signal, a source with 8th magnitude in the J band can provide a SNR of 14 for
each MMF output when running at 500 Hz. Simulations with the same pipeline as
described in Sec. 6.2.8 show that this results in an reconstruction accuracy of ∼0.1λ/D
in tip and tilt combined. In this limiting case, performance is limited by read-out noise
of the detector.

6.2.5 Signal processing

The output of the sensing MMFs was re-imaged with two lenses mounted within a hybrid
tube and cage mechanical system and directly attached to the lens interface of a First
Light C-Red 2 InGaAs detector. This detector was chosen as it provides both a high
frame rate (up to 16 kHz) and low read-out noise (34 e−) with a pixel size of 15 µm. Each
MMF illuminates a circular region on the detector with a diameter of 100 µm. For each
fiber, the 20 pixels with the highest SNR are selected and used for further processing. In
laboratory tests, 20 pixels were measured to provide a steady fraction of 80% of the flux
and the best overall SNR. The detector data was then processed by the DARC (Basden
et al., 2010; Basden and Myers, 2012), running on a consumer grade desktop computer.

6.2.6 Reconstruction and calibration

The reconstruction algorithm (see Fig. 6.4) calculates the MMF illumination and con-
verts it to a physical centroid position. For this, the six fiber fluxes are ordered with
their azimuthal coordinate and a sine function with angular period of 2π is fitted to this
signal. Three best fit parameters are obtained by this routine (see Fig. 6.4):

1. Offset, depending on both background signal and target flux.

2. Amplitude, corresponding to the radial position of the beam. Note, this is an
arbitrary flux unit and the amplitude does therefore not directly yield the physical
centroid position.

3. Phase, corresponding to the azimuthal coordinate of the centroid position.

Laboratory tests showed that this approach yields the most reliable and stable output,
less susceptible to noise than a simple center-of-mass (CoM) algorithm.

A calibration routine is used to correct the reconstructed centroid position for accurate
loop feedback and run time diagnostics. It accounts for irregularities in the system such
as asymmetries or misalignment of the MLR, transmission variations within the fiber
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Figure 6.3: Modeled (solid lines) and measured (crosses) sensor response as function
of centroid offset. Top panel: The coupling efficiency of the science SMF.
Middle panel: The response of the six sensing MMF as function of beam
offset. Bottom panel: MLR-TT sensor signal summed over all six MMFs.

bundle and static aberrations in the PSF. For this, a circular motion is introduced
with the tip-tilt mirror. The offset between the introduced and reconstructed azimuthal
coordinate and the factor between the respective radial coordinates is approximated with
individual best fit discrete Fourier transforms (DFTs) of 5th order as a function of the
azimuthal coordinate. The obtained correction function is subsequently applied to the
measured centroid position. It should be noted that this calibration routine is repeated
for each target in order to remove slowly changing quasi-static aberrations (arising from
effects such as mechanical flexure) and to include asymmetries of the source itself such
as companions or background sources.

The interaction matrix is constructed by applying a linear signal in both tip and
tilt with the mirror and simultaneously measuring the centroid position. The resulting
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Figure 6.4: Illustration of the reconstruction routine with simulated noise. Left panel:
Simulated detector image showing the six MMFs (numbered 1-6 in orange)
along with the reconstructed centroid of the PSF (red cross). Right panel: A
graphical illustration of the reconstruction routine. Here the six fiber fluxes
(gray, numbered 1-6 in orange) are ordered by their azimuthal coordinate
and a sine function with angular period of 2π is fitted, giving the angle,
amplitude and offset of the centroid.
(Reprinted from Hottinger et al., 2021)

2x2 matrix is then inverted to obtain a reconstruction matrix, which can be used by
the control loop to convert the measured centroid position into an feedback signal to
command the tip-tilt mirror.

6.2.7 On-sky integration

The MLR-TT sensor was integrated into the iLocater SX acquisition camera (Crass
et al., 2020) that is fed by the Large Binocular Telescope Interferometer (LBTI). The
optical path is illustrated in Fig. 6.5. The iLocater acquisition camera receives the pupil
from the telescope (a), passes the wavelengths between 920 nm and 950 nm (c) to its
imaging channel equipped with an Andor focal plane camera (ANDOR Zyla 4.2 Plus,
d), providing a sampling of 6.1 pixels across the full width at half maximum (FWHM) of
the diffraction-limited PSF. This focal plane image is used as reference for the centroid
position, i.e. the tip-tilt.

iLocater’s native tip-tilt correction features a quad-cell photo detector (Hamamatsu
G6849-01 InGaAs, g), which is fed with light picked off by a dichroic at 1.34-1.76 µm, (e)
just before the final coupling optics. The quad-cell system can then feed an error signal
back to a fast tip-tilt mirror (nPoint RXY3-276, b) to correct for tip-tilt. Alternatively,
the mirror can be controlled by the MLR-TT sensor to either introduce the required
motions for calibration (see Sec. 6.2.6) or for correcting tip-tilt directly.

The science beam (0.97 − 1.31 µm) is focused by two custom triplet lenses (Crass
et al., 2020) to an f/3.7 beam on the SMF to match its MFD of 5.8 µm (1/e2-intensity at
970 nm). The fiber mount can be moved in 5 axes for alignment and to switch between
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three independent fibers mounted at the instrument focal plane. These are: the native
iLocater SMF, a bare MMF (105 µm core diameter) used for flux calibration, and the
guest fiber port equipped with the MLR-TT sensor (f).

Fiber throughput is determined by measuring the output flux from each fiber with
the bare MMF serving as an incident flux reference. Output flux is measured with
a FemtoWatt receiver (Crass et al., 2020). The fiber bundle holding the six sensing
MMFs is routed to a separate opto-electric enclosure, housing the read-out optics and
electronics.

6.2.8 Simulations of on-sky results

To further investigate the performance of the sensor with our recorded on-sky conditions,
we simulated the sensor response for differing AO correction. To do this, an atmospheric
wavefront distortion of 1000 modes in combination with a corresponding AO system
correcting 500 modes was modeled using the HCIPy high contrast imaging simulation
framework (Por et al., 2018). To allow an accurate comparison, the tip and tilt modes of
the resulting wavefront are replaced by the centroid positions that were recorded during
the on-sky observations.

These simulations are key as they allow us to understand our results and estimate
the impact of residual AO aberrations and their dominance with respect to other noise
sources.

6.3 Results

We tested the MLR-TT on-sky in November 2019 at the LBT, using the left (SX) mirror
of the telescope (Crass et al., 2020). During the run the Large Binocular Telescope
Interferometer adaptive optics (LBTI-AO) system was using the SOUL upgrade, which
is designed to produce a SR of up to 78% in I-band (Pinna et al., 2016) under optimal
conditions. For all observations the AO system was running at 1 kHz closed on 500
modes. Correction for AO NCPA was performed before observations, but otherwise
there was no direct interaction between the MLR-TT sensor and LBTI-AO.

We present the results from three on-sky targets, with a total of 8 datasets. All targets
were chosen to be bright (< 6th magnitude), marginalizing detector noise from the MLR-
TT sensor. Tab. 6.1 provides an overview of the targets, the AO loop performance, and
the associated datasets.

Each dataset includes three simultaneous measurements taken using iLocater and the
MLR-TT sensor:

• Andor focal plane frames (Sec. 6.2.7), taken at a frame rate of 250 Hz. A symmetric
2D Gaussian function is fitted to the data in post processing and its calculated
centroid used as a reference for PSF position. The SR in Tab. 6.1 was estimated
by fitting a Gaussian to the centroid corrected PSF and taking the ratio between
the normalized central intensities of this fit and the expected telescope PSF as
described in Bechter et al. (2019). Due to the limited SNR of the individual
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Figure 6.5: Optical path of the experimental setup with the iLocater acquisition camera
at LBT (sizes are not to scale). (a) The collimated AO corrected beam
from LBTI is steered by a fast tip-tilt mirror (b). A short-pass dichroic (c)
transmits wavelengths between 920 and 950 nm to be imaged by the Andor
focal plane camera (d). The science light is reflected by the long-pass dichroic
mirror (e) and focused into the MLR-TT sensor (f) and SMF. Light between
1.34-1.76 µm is transmitted and imaged on the quad-cell (g) that can be used
in closed-loop to correct for tip-tilt vibrations.
(Reprinted from Hottinger et al., 2021)

frames, the SR calculations were smoothed by applying a moving median algorithm
covering 20 frames.

• The reconstructed centroid position from the MLR-TT sensor (Sec. 6.2.6). Data
were taken at a frame rate of 500 Hz. In post processing the frames were interpo-
lated and cross-correlated to match the time reference of the Andor data.
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Table 6.1: Observed targets and datasets as well as observational seeing, estimated SR
and and the status of the tip-tilt correction loop.

Target/dataset J-
band
mag.

Seeing
(′′)

Est. SR Additional
Tip-Tilt con-
trol

HIP28634 /4 5.3 1.2-2.0 50 ± 6% MLR-TT
/5 ′′ ′′ 52 ± 7% None

HD12354 /1 5.9 1.0-1.4 67 ± 7% None
/2 ′′ ′′ 67 ± 11% MLR-TT

HIP7981 /2 3.8 1.0-1.4 66 ± 4% MLR-TT
/4 ′′ ′′ 65 ± 4% MLR-TT
/5 ′′ ′′ 65 ± 4% MLR-TT
/6 ′′ ′′ 65 ± 4% MLR-TT

• The SMF coupling efficiency was measured with the FemtoWatt receiver (Sec. 6.2.7).

6.3.1 Sensor calibration

As described in Sec. 6.2.6, the calibration pattern was generated by introducing a circular
motion on the tip-tilt mirror by issuing open loop position commands. An example of
the calibration routine for target HIP7981 is shown in Fig. 6.6 for (a) the Andor reference
centroid position, (b) the raw MLR-TT centroid position and (c) the calibrated centroid
position.

During the calibration, the AO loop was closed, but no additional tip-tilt correction
was applied. Due to residual vibrations at the telescope, the measured centroid positions
show a broadened pattern, which is averaged. The averaged centroid positions are used
to correct the reconstructed centroid for static asymmetries.

For HIP7981, the reconstruction without calibration shows an RMS error of 0.33λ/D
in tip and 0.26λ/D in tilt (0.42λ/D combined). After correction, this improves to
0.19λ/D in tip and 0.21λ/D in tilt (0.28λ/D combined) and appears random. The im-
pact of the calibration on the reconstruction accuracy for all targets is listed in Tab. 6.2,
including the RMS shift that is applied by the calibration. This shift corresponds to
the correction that the calibration routine performs on the centroid position which is
seen as an improvement of the reconstructed centroid position. The correction is seen
to provide a more significant improvement for the datasets with lower pre-calibration
RMS reconstruction error. This arises from a more precise measurement of the calibra-
tion pattern (corresponding to a thinner ring in Fig. 6.6) that leads to a more accurate
parametrization of the correction function.

For all other datasets listed in Tab. 6.1, the calibration was also applied but did not
provide a significant improvement. These datasets all feature a smaller dynamical range
and the applied shift varied between 0.06 and 0.09λ/D in tip and tilt combined. Com-
pared to the overall noise in these datasets (see Sec. 6.3.4), the impact of the calibration
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is negligible.

Table 6.2: Improvement gained through the calibration routine. RMS reconstruction
error before and after applying the calibration is listed as well as the RMS
shift determined after the application of the calibration routine.

Target RMS error
no calib.
[λ/D]

RMS error
calibrated
[λ/D]

RMS
calibration
shift [λ/D]

HIP28634/cal. 0.54 0.50 0.23

HD12354 /cal. 0.42 0.31 0.27

HIP7981 /cal. 0.42 0.28 0.30
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Figure 6.6: Three scatter plots showing the on-sky calibration routine of target HIP7981.
Shown are (a) the reference centroid position measured with the Andor focal
plane camera, (b) the MLR-TT reconstructed raw centroid position recon-
structed from the MLR-TT and (c) the calibrated MLR-TT centroid position
(see Tab. 6.2). Initially the PSF is centered, then a circular motion is intro-
duced on the fast tip-tilt mirror. This movement is not calibrated in λ/D
and produces an elliptical shape in the focal plane due to the angle of the
tip-tilt mirror. The introduced figure also features a central accumulation
from before and after the circular motion, as well as an introduced step po-
sition seen as a separate patch to the top right of the circle.
(Reprinted from Hottinger et al., 2021)

6.3.2 Closed-loop performance

In the datasets listed in Tab. 6.1, the acquired PSF centroid positions were used to
drive the tip-tilt mirror. While the loop was operating stably, no improvement in SMF
coupling was observed. The closed loop transfer function as seen by the MLR-TT sensor
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(Fig. 6.7, blue/orange) shows a significant rejection of frequencies below 15 Hz, however
this is not seen in the Andor reference camera (Fig. 6.7, green/red). Above 15 Hz both
Andor and MLR-TT show the same behavior, however the loop fails to correct for the
faster disturbances. This suggests that the loop is not running at a high enough frequency
for correction or the latency is too high.
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Figure 6.7: Closed loop transfer function when stabilizing the beam with the MLR-
TT sensor for datasets HIP28634/4 (closed loop) and HIP28634/5. Below
∼10 Hz, the MLR-TT sensor (blue, yellow) detects a different frequency re-
jection than the Andor reference (green, red), whilst above 10 Hz the transfer
functions agree well.
(Reprinted from Hottinger et al., 2021)

6.3.3 Reconstruction accuracy

This significant mismatch between MLR-TT sensor and Andor reference in evaluating
the loop performance needs to be understood. For this, we analyze the accuracy with
which the sensor is able to reconstruct the centroid position. Fig. 6.8 shows the centroid
position for the Andor reference and the MLR-TT sensor for HD12354/1, as well as the
corresponding reconstruction error. While the scatter of these values does not show any
systematic patterns, the time series (cutout, bottom) shows that the sensor is indeed
able to track the centroid position. The residual error features a mismatch, amounting
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to 0.19λ/D RMS in both tip and tilt.

(a) Andor (b) MLR-TT (c) Reconst. error

−1 0 1

Tip [λ/D]

−1

0

1

Ti
lt
[λ
/D
]

±0.29

±
0.
43

−1 0 1

Tip [λ/D]

±0.32

±
0.
41

−1 0 1

Tip [λ/D]

±0.19

±
0.
19

−1

0

1

Ti
p
[λ
/D
]

−1

0

1

Ti
lt
[λ
/D
]

2.0 2.2 2.4 2.6 2.8

Time [s]

−1

0

1

Er
ro
rT

ip
[λ
/D
]

2.2 2.4 2.6 2.8 3.0

Time [s]

−1

0

1

Er
ro
rT

ilt
[λ
/D
]

Andor MLR-TT Error

Figure 6.8: Sensor reconstruction accuracy shown graphically. Top panels: Time series of
(Left) the centroid position measured by the Andor focal plane camera, (Cen-
ter) the position reconstructed with the MLR-TT and (Right) the error in
the reconstruction by taking the difference between the former two datasets.
Bottom panels: Time series graphs of the same dataset for: (Top) Compar-
ison of the centroid x-position for (tip, left) and y-position (tilt, right) of
Andor reference (blue) and MLR-TT (red), and (Bottom) the corresponding
reconstruction error (green) from their difference.
(Reprinted from Hottinger et al., 2021)

The time series of the error suggests a strong low-frequency component. The PSD of
the MLR-TT sensor tracks this behavior very well (see Fig. 6.9), with the sensor PSD
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tracking the features of the reference centroid very accurately above 10 Hz. Residuals
below 10 Hz are calculated to account for approximately 50% of the combined tip-tilt
error, while residuals between 10 and 20 Hz contribute less than 20%.
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Figure 6.9: Power spectral density (PSD) for HD12354/1 of the signal shown in Fig. 6.8.
(Top) PSD of centroid x-position (tip, left) and y-position (tilt, right) of
MLR-TT (red) compared to the Andor reference (blue), (Bottom) the PSD
of the corresponding reconstruction error (green) for tip and tilt. Most of the
vibrational power lies between 10 and 20 Hz, whilst most of the reconstruction
error is in the low frequencies (< 10 Hz).
(Reprinted from Hottinger et al., 2021)

6.3.4 Impact of AO performance

Fig. 6.10 shows the combined tip-tilt reconstruction error for all datasets as a function
of estimated SR. Note that all datasets feature similar RMS centroid values (∼λ/D).

The wavefront correction varies significantly between the datasets and within individ-
ual datasets, with subsets featuring SRs as low as 40% and reaching up to 80%. The
reconstruction accuracy shows a strong dependency on the SR and improves significantly
with increasing SR. The best reconstruction shows a combined tip-tilt RMS of 0.27λ/D
while the worst reconstruction reaches a RMS error of 0.5λ/D. A linear fit yields a slope
of −0.95 ± 0.20λ/D, an improvement in RMS reconstruction accuracy of ∼0.1λ/D per
10% increase in SR.
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Figure 6.10: On-sky sensor performance. Main panel: Reconstruction accuracy as a
function of estimated Strehl ratio (SR) for these datasets. Cross marks in
the main plot represent the mean and error for each dataset, while the circles
in the subplots correspond to subsets with different estimated SRs, with the
size of the circle representing the number of frames in each set. The dashed
lines show the fitting error. Top panels: The centroid reconstruction error
scatter plot for each analyzed dataset.
(Reprinted from Hottinger et al., 2021)

6.3.5 On-sky sensor simulations

AO simulations as described in Sec. 6.2.8 were performed to reconstruct the sensor
operation. Fig. 6.11 shows the resulting reconstruction error for tip and tilt combined
as a function of the retrieved SR and is analogous to Fig. 6.10. For the lowest simulated
SRs of ∼50%, reconstruction accuracy is worse than 0.35λ/D and improves to 0.16λ/D
for a SR of 80%. As with the on-sky results (cf. Fig. 6.10), the data are well fit by a
linear trend, with a slope of −0.72±0.05λ/D. For completeness, we have also simulated
the reconstruction error for a flat wavefront (Fig. 6.11, yellow marker) which shows a
reconstruction error of less than 0.05λ/D.
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Figure 6.11: Synthetic MLR-TT sensor performance derived from AO simulations, plot-
ted to be comparable to Fig. 6.10. Main panel: Reconstruction accuracy
as a function of Strehl ratio (SR) for AO simulations with varying residual
aberration strength labeled with their RMS wavefront error. Crosses repre-
sent overall mean and error for each data set, while the circles correspond
to subsets binned by SR, with the size of the circle representing the number
of frames in each set.The dashed lines show the fitting error. Top panels:
Centroid reconstruction error scatter for the individual datasets.
(Reprinted from Hottinger et al., 2021)

6.4 Discussion

In the preceding section we presented the on-sky performance of the MLR-TT sensor.
Whilst able to track incident beam motions, the sensor was unable to improve fiber
coupling performance with our current AO loop. The sensor also shows limitations in
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the overall performance which can be achieved due to the effects of residual aberrations.
The causes and solutions are discussed in this section.

6.4.1 Sensor reconstruction limitations

As shown in Fig. 6.10, the sensor was able to reconstruct the centroid position to an
accuracy of 0.27 λ/D combined tip-tilt RMS. The majority of this error (50%) originates
in frequencies below 10 Hz and depends strongly on the estimated SR. To ascertain the
cause of this error, we presented optical simulations with differing SR in Sec. 6.3.5. The
simulations show the same trend with a slightly flatter linear fit. The discrepancy can by
attributed to a number of additional noise sources that occur within the measurements.
These alternative sources include detector noise, reconstruction algorithm error, NCP
vibrations, flux variations, and noise in the measurements of the reference centroid.
While we investigated these factors during analysis, the current system is most strongly
impacted by the effects of residual aberrations. For future versions of the sensor we aim
to understand the exact contributions that these noise terms have on the reconstruction
accuracy.

To further investigate the impact of wavefront aberrations on the MLR-TT sensor,
in future laboratory testing and on-sky experiments, we intend to acquire additional
metrology data to identify other effects driving performance. This will allow us to
optimize the MLR-TT reconstruction algorithm to account for the observed aberrations
and possibly even reconstruct Zernike modes beyond tip and tilt.

6.4.2 Loop performance

As illustrated in Fig. 6.10, under the best conditions experienced, the reconstruction
accuracy of the sensor provided a combined RMS error of 0.27λ/D. Assuming an ideal
control system, this would provide correction with an RMS error 1.5 times lower than the
existing quad-cell system. With our current control system, this is reduced significantly
due to latency and meant the loop was only able to reject frequencies up to 15-20 Hz.
The control system therefore needs to be optimized in order to allow a better correction
of the tip-tilt disturbance which holds the most power in frequencies between 10 and
20 Hz (see Fig. 6.9).

As shown in Fig. 6.9, most of the noise in the reconstruction occurs below 10 Hz. The
main goal will be to optimize the MLR-TT sensor software (Sec. 6.4.1) and hardware
design (Sec. 6.4.3) to improve its performance in this regime. Even without additional
precision, the loop can be tuned to filter this frequency range or another sensor designed
to supress vibrations in the range 1-10 Hz can be added. Alternatively, the MLR-TT
sensor may be used to only detect slow beam drift below 1 Hz. Any residual aberrations
will average out over long timescales (>1 second) and the sensor can be optimized to
measure slow mechanical drift resulting from e.g. gravitational flexures. This would
focus the sensor on utilizing one of its main advantage, namely that it is virtually free
from NCP effects. When running at lower frame rates, the sensor also needs less light
for operation, increasing the limiting sensing magnitude and the light available for the
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science instrument.

6.4.3 Sensor optimization

To control the amount of noise that is induced by residual AO aberrations, the lens
design can be tuned for future devices. As the shape of the MLR surface is set by the
need to efficiently couple light into the MMFs, the height of the lens and the size of the
central aperture then become the most important variables. Both parameters control
the distance from the focal plane where the telescope beam is sensed and by varying
them the impact of aberrations in the system changes.

By sampling the beam closer to the fiber focal plane, the MLR-TT sensor will use
an intensity distribution more similar to the PSF for sensing, which depends mostly on
the phase of the wavefront at the pupil. As the height of the MLR increases, the beam
enters the Fresnel regime and the sensor is therefore also affected by variations in the
pupil intensity that arise from scintillation and pupil instability. Fully analyzing this
parameter space will be crucial for future sensor optimization.

The size of the lens ring aperture determines how much of the beam’s central core
is diverted to the sensor. As the edges of the beam are more susceptible to higher
order modes and asymmetries, using more of the beam’s core will result in more reliable
measurements. However, this will also reduce the fraction of light available for science
measurements. This trade off is the key design choice that will be determined by future
use cases and implementations. In addition to the size of the central aperture, the NA
can be used to slightly change the ratio between sensor signal and SMF coupling. Given
the right optical system, it would be possible to perform individual adjustments of this
trade off for each observed target.

6.4.4 Future applications

The system presented in this work was optimized to be used with the iLocater acquisi-
tion camera at the LBT, however there are other diffraction-limited systems where the
technology can find application. As discussed in Sec. 6.4.1, the performance is limited by
residual AO aberrations, and thus the most beneficial application will be with systems
that feature as little residual wavefront aberrations as possible.

Besides current and future ExAO system at large observatories, the MLR-TT sensor
can have an advantage for small observatories, free-space optical communication systems
and space based applications that employ diffraction-limited telescopes. In these systems,
the sensor can be integrated in a very compact fashion without the need for additional
optical components in the optical train reducing complexity and mechanical footprint.

6.5 Conclusion

We presented the first on-sky results of our novel 3D-printed, fiber-based tip-tilt sensor
(MLR-TT). The sensor was tested with the iLocater acquisition camera at the Large
Binocular Telescope in November 2019. The system consists of a 3D-printed micro-lens

96



6.5 Conclusion

ring that uses six multi-mode fibers to reconstruct the centroid position, while providing
an almost unobscured aperture where a science single-mode fiber is positioned. This
concept features a very small opto-mechanical footprint and degrades the maximum
single-mode fiber coupling efficiency by 15%, which is comparable to typical losses due
to beam aberrations.

We showed that the fundamental principle works well and the sensor is able to reach
a maximum reconstruction accuracy of 0.19λ/D in each tip and tilt, however, the sys-
tem was not able to improve single-mode fiber coupling efficiency. The majority of the
vibration was measured in frequencies between 10-20 Hz, but the majority of the recon-
struction error was shown to occur in low frequencies between 1-10 Hz. This error in
reconstructing the centroid depended strongly on estimated SR and subsequent simu-
lations were able to recreate this trend, suggesting that residual aberrations were the
dominating noise source that limited performance.

These findings will help to tune both the optical design and reconstruction algorithm
to improve the centroid measurements and to reduce the impact of residual aberrations.
Alternatively, the respective frequency range can be filtered or corrected using another
sensor to minimize its impact.

We conclude that the MLR-TT sensor is best suited for applications requiring fast
correction with low higher-order wavefront distortions while benefiting from its com-
pact nature. This includes extreme adaptive optics systems, compact systems at small
diffraction-limited telescopes and space based applications. We also note that the MLR-
TT sensor operates very close to the fiber coupling surface, it is free of non-common path
aberration and can therefore be used to track drifts and perform guiding in a closed-loop
system where calibration between the wavefront sensor and fiber is difficult.
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7.1 Summary

This thesis summarized the research and development work of this Ph.D. project. It
covered a wider range of common development aspects in astronomical instrumenta-
tion. The project included optical design, mechanical design, optical laboratory testing,
electrical and digital controlling as well as performing on-sky observations with the sub-
sequent data analysis and visualization.

The presented research is based on the work by Dietrich et al. (2017). In this thesis,
their concept was modified and further optimized to fit the requirements for testing at the
LBT. For lens testing and developing, the KOOL was adapted and set up, as described
in Chapter 4. Around the MLR-TT sensor itself, a system was designed consisting of
a read-out camera and a control computer using a custom control algorithm. This was
then integrated with the iLocater acquisition camera in the lab, see Chapter 5. And
after final optimizations, the system was tested on-sky at the LBT, and the data were
analyzed and published (Chapter 6; Hottinger et al., 2021).

The sensor was able to reconstruct the centroid position of the PSF but was unable to
significantly improve the SMF-coupling. For this, a number of causes were found: Most
importantly, the flux in the residual AO aberrations caused a false signal. This noise led
to a reconstruction error of ∼0.19λ/D in both tip and tilt measurements. Additionally,
latency in the control loop limited the correction in the desired frequencies.

The following chapter will summarize various aspects of these results in more detail.
For this, the whole telescope system is formalized. The reconstruction errors and the
corresponding algorithms are discussed. Then, the different aspects of the controller
are analyzed. The next steps that should be taken to further develop this concept are
outlined, the possible use cases and the context of this work are discussed.

7.2 System overview

The on-sky system operation was first designed theoretically in a block diagram for an
overview of its working functionality. Fig. 7.1 shows the functional block diagram of
all components that interact in this system. It starts with the wavefront entering the
telescope aperture, being measured and modified by the different control systems, and
finally coupled into the fiber to be further processed by the science instrument.

This can be sorted into three separate but interacting subsystems: Firstly, the AO sys-
tem measures the wavefront and sends an appropriate correction signal to a DM. Then,
the iLocater acquisition camera receives the collimated beam and applies additional tip-
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Figure 7.1: Block diagram of the telescope system setup composed of the AO system and
the MLR-TT Sensor system. The iLocater’s unmodified SMF coupling and
its native quad-cell tip-tilt sensing is not shown.

tilt correction before recording a focal plane image and coupling into the SMF. Finally,
the MLR-TT sensor system introduced in this work is an add-on that is temporarily
installed within the iLocater acquisition camera. It implements an alternative second
tip-tilt measurement and control loop, replacing iLocater’s native quad-cell tip-tilt mea-
surement.

7.3 Mathematical framework

To describe the system presented above, the following mathematical framework collects
all physical models as introduced in Chapter 2.1.
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Initially, the incoming wavefront of the target is assumed to be a flat wavefront given
by

ψstar(r⃗, t) = Aei(ϕ(r⃗,t)+2πνt+k⃗·r⃗) . (7.1)

Atmospheric turbulence (Seeing) then imposes both an amplitude factor χA(r⃗, t) and
a phase delay ΦA(r⃗, t), in addition to the telescope’s primary mirror aperture acting as
a constant optical pupil χPrimary(r⃗) given by

ψSeeing(r⃗, t) = χPrimary · χA(r⃗, t) · eiΦA(r⃗,t) · ψstar(r⃗, t) . (7.2)

Then the DM, which corrects for the atmospheric perturbations adds another phase
delay ΦDM as instructed by the control system given by

ψResidual(r⃗, t) = eiΦDM(r⃗,t)ψSeeing(r⃗, t) . (7.3)

For this AO control loop, the WFS measures the wavefront slope and transforms
it into a wavefront error e⃗(r⃗, t) with respect to the desired wavefront. A noise term
w represents the corresponding noise in the measurement. The control algorithm, an
integrator, calculates the correction signal ΦDM(r⃗, t) that is sent to the DM. For this, a
reconstruction matrix K transforms the wavefront error to the corresponding correction
signal. The measurement is temporally offset by a delay in time δT and multiplied by a
gain factor γ. The previous control value is dampened by the integrator decay value α
given by

ΦDM(r⃗, t) = αΦDM(r⃗, t− T ) + γK (e⃗(r⃗, t− δT ) + w) . (7.4)

The additional NCPAs that occur after the WFS, add an additional phase delay. This
consists of vibrations ΦNCP, vib.(r⃗, t) and of higher-order modes ΦNCPA(r⃗, t) given by

ψNCP res.(r⃗, t) = eiΦNCP, vib.(r⃗,t)eiΦNCPA(r⃗,t)ψResidual(r⃗, t) . (7.5)

Within the iLocater acquisition camera, a fast-steering tip-tilt mirror corrects for
residual tip-tilt with an additional phase correction Φtip-tilt(r⃗, t) given by

ψiLocater(r⃗, t) = eiΦtip-tilt(r⃗,t)ψNCP res.(r⃗, t) . (7.6)

Afterward, iLocater’s focal plane camera (ANDOR Zyla 4.2 Plus sCMOS) records an
image of the target. This can be approximated by the Fraunhofer diffraction equation,
which corresponds to a Fourier transformation of the EM field in the pupil. This EM field
in the focal plane ψAndor(r⃗, t), is then used to calculate the light intensity distribution
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IAndor FP(r⃗, t) as

IAndor FP(r⃗) = ψAndor FP(r⃗, t)∗ · ψAndor FP(r⃗, t) = ∥ψAndor FP(r⃗, t)∥2 (7.7)

= ∥
∫
Pupil

ψiLocater(r⃗′, t) · e−
i2π
λ

(r⃗′−r⃗)dr⃗′∥2 . (7.8)

SMF coupling takes place at the fiber position. The coupling efficiency ρSMF is cal-
culated with the overlap integral between the EM field of the incoming beam ψFP(r⃗, t)
and the EM field of the fundamental mode ψSMF(r⃗, t) that the fiber accepts as

ρSMF(t) =

(∥
∫
ψFP(r⃗, t) · ψ∗

SMF(r⃗, t)dr⃗∥
∥ψFP(r⃗, t)∥ · ∥ψSMF(r⃗, t)∥

)2

. (7.9)

While the coupling itself takes place at the fiber, the calculation is independent of the
position at which the overlap integral is performed.

In the case of SMF-coupling as part of the MLR-TT sensor, the clipping of the incom-
ing beam by the MLR needs to be accounted for. For this, the EM field is calculated
by adding a phase modification ΦMLR defocus(r⃗, t) to the field prior to the Fourier trans-
formation. This is equivalent to Fresnel diffraction close to the optical axis by adding
a defocus mode to the wavefront leading to the evaluation of the field at the MLR sur-
face. This transformation is done to obtain the field of both the telescope wavefront
ψMLR surf.(r⃗, t) and the fundamental mode of the SMF ψSMF-MLR surf.(r⃗, t) given by

ψMLR surf.(r⃗, t) = ∫
Pupil

eiΦMLR defocus(r⃗,t)ψiLocater(r⃗′, t) · e−
i2π
λ

(r⃗′−r⃗)dr⃗′
(7.10)

ψSMF-MLR surf.(r⃗, t) = ∫
Pupil

eiΦMLR defocus(r⃗,t)ψSMF pupil(r⃗′, t) · e−
i2π
λ

(r⃗′−r⃗)dr⃗′ .
(7.11)

The fiber’s coupling efficiency is calculated equivalently to Eq. 7.9. The overlap integral
is performed only over the central aperture of the MLR, where the light is not refracted
by the lenses. The whole field is considered for normalization as

ρMLR-SMF(t) =(
∥
∫
MLR aper. ψMLR surf.(r⃗, t) · ψ∗

SMF-MLR surf.(r⃗, t)dr⃗∥
∥
∫
MLR aper. ψMLR surf.(r⃗, t)dr⃗∥ · ∥

∫
MLR aper. ψ

∗
SMF-MLR surf.(r⃗, t)dr⃗∥

)2

.
(7.12)

The MLR-TT sensors MMF-coupling is calculated by integrating the intensity of the
EM field at the MLR surface (ψMLR surf.(r⃗, t), Eq. 7.10) over the respective lenslet’s
surface, producing the six sensor fluxes FX (X = 1 . . . 6) of the sensor, including the
corresponding measurement noise ωMMF,X . This assumes that all the light that reaches
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the MLR surface will couple into the corresponding MMF and does not account for
reflection, absorption, and mismatching of the fiber’s NA as

FX =

∫
lensletX

IMLR surf.dr⃗ + ωMMF,X (7.13)

=

∫
lensletX

∥ψMLR surf.(r⃗, t)∥2dr⃗ + ωMMF,X . (7.14)

Using a reconstruction algorithm RTT-recon., the six sensor fluxes FX are then trans-
formed to a centroid position rcentroid corresponding to the tip and tilt as

rcentroid = RTT-recon.(F1...6) . (7.15)

In the on-sky setup, the reconstruction is achieved by performing a least-squares fit
of the normalized sensor fluxes F̂X = (FX −Noffset,X)/Nscale,X in the parametrization of
their azimuthal position θX to a sinusoidal function with a frequency of 1 Hz where the
best-fit amplitude r yields the radial centroid position and the best-fit phase θ yields the
azimuthal position given by

(r, θ)centroid, raw = arg min
r,θ

6∑
X=1

(
F̂X − r · sin(θX + θ)

)2
. (7.16)

This calculation was performed in the control system as employed on-sky and features
a rather complicated procedure. The calculation, however, can be performed in a com-
putationally much less expensive manner as the results just represent the amplitude and
phase of the corresponding unit frequency of 2π. Then the parameters can be determined
by a simple DFT of first order with

a1 =
6∑

X=1

(
F̂X · sin θX

)
and (7.17)

b1 =
6∑

X=1

(
F̂X · cos θX

)
, yielding (7.18)

rcentroid, cal. =
√
a21 + b21 and (7.19)

θcentroid, cal. = arctan b1/a1 . (7.20)

The polar coordinates are then corrected with calibration parameters Cr/θ,i and ϕr/θ,i
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(i = 1 . . . 5), a DFT of 5th order, modifying the parameters with

rcentroid, cal. = rcentroid, raw ·
5∑

i=1

Cr,i · sin(ωi · θ + ϕr,i) and (7.21)

θcentroid, cal. = θcentroid, raw +

5∑
i=1

Cθ,i · sin(ωi · θ + ϕθ,i) . (7.22)

The correction factors are determined by a calibration routine that introduces a circular
tip-tilt motion in order to measure any unwanted asymmetry of the sensor response (see
Sec. 6.2.6).

The resulting calibrated coordinates (r, θ)centroid are then transformed to Cartesian
coordinates r⃗centroid = (x, y)centroid as

xcentroid, cal. = rcentroid, cal. · cos(θcentroid, cal.) (7.23)

ycentroid, cal. = rcentroid, cal. · sin(θcentroid, cal.) . (7.24)

The MLR-TT control loop again uses an integrator algorithm to feed the iLocater’s
tip-tilt mirror for closed-loop correction. This is done in the same fashion as the main
AO-loop given by

Φtip-tilt(r⃗, t) = αMLR-TTΦMLR-TT(r⃗, t− T ) (7.25)

+γMLR-TTKMLR-TT (e⃗MLR-TT(r⃗, t− δT )) .
(7.26)

7.4 Reconstruction error and noise

The sine-fit algorithm does not have a particular theoretical foundation other than its
representation of a periodic pattern. The calibration routine then corrects for any devia-
tion from the sine pattern itself. The main motivation for using this particular algorithm
was its superior laboratory performance compared to a simple CoM algorithm, particu-
larly with respect to its sensitivity to noise. A more sophisticated algorithm would need
to take into account the actual optical propagation within the system and the MLR-TT
sensor.

But any algorithm will face the challenge to not only sense the centroid position of
the incoming beam but also cope with changing residual AO aberration. In the previ-
ous chapter, it was suggested that these residual aberrations can severely impact sensor
performance. The low-order modes have the most power in low radial and azimuthal
orders and thus also have the most prominent asymmetries in the focal plane and at
the optical plane of the MLR surface. As the low-order modes have larger-scale pertur-
bations, the associated timescale of these aberrations is also larger, and they will thus
have a smaller frequency component associated with them than the other modes. From
the on-sky analysis (see Sec. 6) is shown that the highest impact occurred at frequencies
below 15 Hz. Additionally, asymmetries that arise from scintillation in the pupil can
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introduce an error in the reconstruction.

At first sight, the error in reconstruction that arises from the residual aberrations can
be considered noise, as they are uncorrelated at the time of the measurement. As the
MLR-TT sensor does have six output values, while the centroid position has only two de-
grees of freedom, it opens up the possibility to implement more advanced reconstruction
algorithms that filter or ignore these misleading signals.

Fig. 7.2 shows initial work with Barnaby Norris using the on-sky measurements to
train a machine learning (ML) algorithm. Early results fram across multiple datasets
suggest that the deployment of a neural network could slightly decrease the reconstruc-
tion error by ∼10%, but it is unable to fundamentally avoid the error imposed by residual
aberrations.
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Figure 7.2: Reconstruction of tip/tilt with machine learning (ML) using neural networks
(red dots). Performed on on-sky measurements (HD12354/1) including noise
and residual AO aberrations. After training, the algorithm is able to achieve
an accuracy of 0.175λ/D (RMS error) in comparison with centroid position
as measured with a Gaussian fit on the Andor focal plane camera (blue lines).
This is a ∼8% improvement compared to 0.195λ/D on the same dataset by
the reconstruction algorithm presented in this work.
(Courtesy of Barnaby Norris, private communication)

In the long term, this also opens up the possibility to reconstruct not only tip-tilt
modes but other modes as well. Fig. 7.3 again shows initial work performed with Barnaby
Norris succeeding to reconstruct multiple modes with the use of neural networks. These
early results are limited to simulated sensor responses that do not introduce any other
modes, residual aberrations, or noise. The impact of these is the focus in the ongoing
investigations.

Additionally, the fact that the most influential aberrations change on a longer timescale
could allow making use of the fact that there is indeed a temporal correlation which could
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Figure 7.3: Reconstruction of 5 Zernike modes with machine learning (ML) using neu-
ral networks (red dots). Performed on simulated MLR-TT responses with
5 uniformly random coefficients between −0.7 and 0.7 without additional
aberrations or noise. The ML algorithm is able to reconstruct the intro-
duced coefficients (blue lines) with an RMS error of 0.0582.
(Courtesy of Barnaby Norris, private communication)

be exploited or additional lower frequency sensor measurements could be incorporated.
Future analysis will focus on quantifying the impact of these different factors. For this,
extensive simulations need to be performed that account for the impact of the atmo-
sphere under different observing conditions and the expected vibrations of the telescope.
This will result in a quantified sensitivity of the sensor and the corresponding applied re-
construction algorithm with respect to the different distortions of the wavefront, namely
the different modes as expressed in the Zernike basis and possible scintillation. The
impact of different modes can then be correlated to the corresponding frequencies.

7.5 Noise

Fundamentally, there is also well-known uncorrelated noise that will cause erroneous
sensor measurements. First, detector noise occurs per used pixel and depends on the
environment. It consists mainly of read-out noise (RON) that occurs when resetting and
reading pixels and dark current (DC) noise from random quantum fluctuations within
the detector. Secondly, photon noise arises from the quantum statistics of detecting the
photons themselves. This depends on the number of photons that are detected.

Therefore, the total noise σ is thus the quadrature sum of the RON σRON, which is
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the result of the underlying electronics with unspecified statistics, the statistical error
of the Poisson statistics that describe the behavior of DC noise σDC =

√
DC and the

photon noise σphoton =
√
Nphoton, depending on the number of detected photons N :

σ =
√
σ2RoN + DC +Nphoton (7.27)

Because this noise is truly uncorrelated, it does not have a specific frequency compo-
nent and can therefore be regarded as white noise. While on-sky analysis has shown that
this noise is negligible compared to the errors caused by the algorithms and the noise
originating from residual aberrations, their impact on the measurements needs to be
quantified. Synthetic noise simulation where uncorrelated noise was added to the on-sky
measurement reveals a SNR of ∼4 will lead to a combined centroid reconstruction noise
of 1λ/D.

7.5.1 Reference error

It should also be mentioned that the measurement reference itself is associated with
uncertainty. The reference centroid position was determined by a Gaussian fit to the
Andor focal plane image. This introduces systematic error as the Gaussian fit is only
an approximation of the centroid position and is susceptible to asymmetries of the PSF.
In principle, this asymmetry correlates with the asymmetry that the MLR-TT sensor
observes, albeit in a different optical manner. Furthermore, as shown in Sec. 2.2.2, the
coupling efficiency is mathematically described by an overlap integral of the PSF with
the near-Gaussian fundamental mode of the SMF. This justifies the use of a Gaussian
fit as a proxy of the desired metric, although the desired impact should be analyzed in
more detail in the future.

The impact of reference error due to NCP effects was also considered, but daytime
observations did not suffer from the same inaccuracies. As vibrational impact within
the iLocater acquisition camera should be in the same order, the impact by NCPA was
determined to be negligible.

Additionally, the focal plane images also suffer from camera and photon noise that
can heavily impact the reference measurements. Synthetic noise modeling on the ob-
served images revealed that the reference camera noise does contribute to, but does not
dominate the accuracy of the measurement.

7.6 Latency

All control systems are affected by latency that occurs when working with discrete time
steps. The measured sensor data need to be read out and processed before the corre-
sponding correction signal can be sent to the appropriate device. This means that the
control always lags behind the measurement, limiting the frequencies that the system
can correct.

To test the latency of the on-sky system at the LBT, an instant disturbance was
introduced to the tip-tilt mirrors and the number of frames was measured until the
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sensor was able to sense this disturbance. This was repeated for multiple framerates to
find the best suitable framerate to work with. This turned out to be 500fps where the
delay was two frames overall, corresponding to 4ms (see Fig. 7.4).
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Figure 7.4: Top panel: Latency of MLR-TT sensor system on-sky in ms as a function of
framerate (1/s). Bottom panels: Step response as measured by the sensor.
The centroid x- and y-position (black/red) as measured after introducing an
offset in one of the axes of the tip-tilt mirror.

There are a number of components that contribute to this delay, such as:

• Read out procedure by the detector

• Data transfer from detector to computing unit

• Image processing and normalization

• Centroid reconstruction
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• Calculation of the correction signal by the control algorithm

• Data transfer to the correction component

• Physical reaction of the correction component, in this case, mechanical movement
of the tip-tilt mirror

In order to improve the latency of the whole system, each of these components can be
optimized. The overall computational delay time was estimated at ∼2 ms. The image was
recorded with a window size of 128x128 pixels and subsequently corrected and integrated
with the highly optimized DARC software. The reconstruction algorithm, on the other
hand, is quite resource-demanding, as it performs an optimization algorithm, which
could be optimized significantly or even replaced by a fundamentally different approach.
Furthermore, the mechanical movement of the tip-tilt mirror plays a significant role with
∼2 ms as a whole half-inch mirror needs to rotate. The PID controller that steers this
component is already optimized but other measures like reducing mirror weight or even
aiming for an integrated photonic solution should be kept in mind.

7.7 Controlling

The control algorithm uses the sensor readings as input and calculates the appropriate
correction signal that is sent to the tip-tilt mirror. Although measuring with a sensor is
a vital part of achieving a good result, it is important to understand and optimize the
procedure that follows this measurement.

In the first step, the characteristics of the disturbance that is to be corrected need to be
analyzed. The residual tip-tilt error at the iLocater acquisition camera has a number of
different origins. First, vibrations within the telescope and atmospheric distortions that
have amplitudes or frequencies that cannot be sensed or corrected by the AO system.
Secondly, NCP vibrations that occur after the WFS of the AO system. Usually, the tip-
tilt distortions by the atmosphere have rather low frequencies that can be both sensed
and corrected by the AO system.

However, the vibrations throughout the telescope can have very large amplitudes as
the components only need to move marginally for the optical beam to be distorted
well over the diffraction limit. Additionally, the vibration downstream of the WFS will
not be detected at all and will need to be sensed in the first place. Most vibrations will
occur at frequencies that are related to the resonances of the mechanical structure. These
resonance frequencies are then very prominent in the spectral analysis of the disturbance.

Fig. 7.5 shows the PSD of both tip and tilt at the LBT as measured from the centroid
reconstruction from the Andor camera images at the focal plane of the iLocater acquisi-
tion camera. It features two very prominent peaks between 10 Hz and 20 Hz, at around
30 Hz and additional disturbance at 50-60 Hz and 80 Hz. The corresponding cumulative
representation (Fig. 7.5, right panel) reveals that 60-70% of the power of is present in
the regime of 10-20 Hz.
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Among many AO systems and in this work as well, an integrator control algorithm is
used. This uses the most recent sensor measurement, reconstructs the centroid, trans-
forms it to the corresponding correction with the reconstruction matrix MRMX and then
scales it with the gain factor α to end with a correction signal that is added to the tem-
porally preceding correction value. This preceding correction value is also multiplied by
an integration factor γ, also known as leakage, to reduce the susceptibility of the control
loop to become unstable as it corrects for noise-induced signals.

Besides the integrator setting of gain and leakage, the frequency that the correction
loop operates and the latency (see above) of the system play a vital role when optimiza-
tions are to be performed. The PSD of the different components of a synthetic control
system is shown in Fig. 7.6 with a one-dimensional uniform disturbance with arbitrary
amplitude with white noise characteristics. The top panel of the figure shows the PSD
of the disturbance itself, the central panel shows that of the corrected signal, and the
bottom panel shows the corresponding rejection transfer function. The later transfer
function indicates the frequency ranges that the control algorithm can suppress (rejec-
tion <1) and where it overshoots and amplifies the disturbance (rejection >1). When
considering a reasonable delay of 2 frames and a control loop frequency of 500 Hz with a
gain of α = 0.4 as shown in Fig. 7.6, the integrator is able to correct disturbances up to
30 Hz and then amplifying higher frequency disturbances.

Fig. 7.7 summarizes the performance of the control loop on-sky. The upper row shows
the PSD of the tip (left) and tilt (right) uncorrected in open-loop operation. The middle
row shows the same signal when the control loop is closed, correcting the disturbance.
Then, looking at the measurement of the MLR-TT sensor (orange) with which the
control loop runs, the PSD at lower frequencies is significantly reduced in closed-loop.
The corresponding rejection transfer function (bottom row) again shows the frequencies
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Figure 7.6: Modeled theoretical rejection of an integrator. Without measurement noise
and running at a correction frequency of 500 Hz and with a latency of
2 frames. Top: PSD of random noise signal; center: PSD of corrected signal;
bottom: rejection transfer function.

for which the control algorithm is able to correct. This is clearly successful for frequencies
up to 10 Hz with mixed results in the intermediate frequency range before overshooting
for frequencies beyond 30 Hz.

This shows that the control algorithm is not properly suited to correct the desired
frequencies due to the discussed reasons, namely reconstruction error, loop frequency,
and loop latency. One should also mention that, when considering the tip-tilt measured
by the Andor focal plane camera (Fig. 7.7, blue line), there is a fundamental mismatch
in the frequencies below 10 Hz. This is a strong indicator for the interpretation that the
reconstruction algorithm of the MLR-TT sensor is particularly sensitive to wavefront
distortions with low Zernike modes that evolve over slower timescales.

In order to improve the frequency response of the system, the obvious parameters of
the control need to be improved. This is therefore the noise, the reconstruction error,
and the latency, as mentioned in the previous sections. Additionally, the control loop
needs to run at higher frequencies.

A promising prospect is the employment of a high-performance algorithm, such as
linear-quadratic-Gaussian (LQG) control algorithms, that can incorporate the charac-
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teristic of the disturbance and the system itself. LQG control has been shown to substan-
tially improve AO systems both in laboratory environment (Petit et al., 2008; Guesalaga
et al., 2013) and on-sky (Sivo et al., 2014; Petit et al., 2014; Poyneer et al., 2016).

Furthermore, it should be considered to support the control algorithm with additional
data. The following sensor measurements are closely correlated. First, the WFS of the
AO system itself, as it can provide insights into residual aberrations to overcome the error
in reconstruction. Second, the Andor focal plane image can provide additional informa-
tion about the PSF of the incoming beam to aid in centroid reconstruction, although at
a lower temporal frequency, as it is less sensitive. Third, the existing vibration monitor
infrastructure, such as the feed-forward accelerometer measurement could be used to aid
the control algorithm.
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7.8 Optical design

With regard to the optical design that was demonstrated on-sky, a lot of consideration
was put in. In hindsight, this design needs to be revisited. In the following, the different
parameters are discussed and the optical and mechanical constraints that might restrict
them.

Two main parameters govern the working principle of the MLR-TT sensor. Firstly,
this is the position at which the sensor picks off the beam, which corresponds to the
height of the lens where its surface refracts the light to be redirected into the sensing
fibers. Second, the size of the central aperture of the MLR. This governs how much light
it will be able to couple into the science SMF and how much light from the outer edge
of the beam will be used for sensing.

These two parameters are crucial as they govern which part of the telescope beam
exactly is used for sensing and which part of the beam is used for the actual science
processing. The residual aberrations that are propagated to the sensor and introduce
reconstruction errors are heavily dependent on this.

Additional design choices and parameters can be changed in the system, including the
following.

• The size of the MMFs and subsequently their spacing on the fiber face has a large
impact on their ability to efficiently couple sensor light while coupling the least
amount of background light and thus being responsible for the least amount of
detector noise. This will also greatly govern the restrictions that are placed on
MLR itself, as it needs to optically conform to the MMFs.

• The number of MMFs can also be significantly varied. The choice of six fibers was
due to the highest fill factor of the hexagonal pattern. It should also be considered
to introduce additional rings of fibers in order to gather more information about
the wavefront.

• The shape of the MLR is obviously a major parameter that needs to be considered.
This has a large number of free parameters as the surface of the lenses needs to
be designed to refract the beam so that coupling is optimized while potentially
rejecting residual aberration and background that can harm the performance of
the sensor. In addition, the overall diameter of the lens must be set.

Although some design parameters are quite flexible, such as the shape of the MLR
surface or the size of the MMFs, others are rather limited. The most prominent example
is the separation of the fiber cores, as the current manufacturing technique does not
modify their cladding, effectively limiting their separation. This was a simplified design
choice because it avoided the need to source or produce specialty fibers or even use etching
technology to modify their cladding. These design requirements can be overcome in the
future. Similarly, the height of the MLR was limited due to manufacturing restrictions,
but more modern two-photon lithography systems can overcome this issue.

The design was purely driven by geometric approximation of the system and did not
consider residual aberrations. This approximation is only feasible to a certain extent, as
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it may sufficiently model the refracting itself, but does not consider the exact intensity
profile and wavefront phase at the sensor’s surface, and subsequently fails to accurately
account for all optics. For this, a more accurate simulation pipeline needs to be consid-
ered to make further optimization feasible. Fig. 7.8 shows the geometric modeling (left
panel) as performed for designing and wave-optical modeling (right panel) that proved
to be more accurate for predicting the sensor response.
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Figure 7.8: Comparison of different modeling approaches of the MLR-TT sensor response
(solid lines) with the corresponding laboratory measurements (crosses). Left
panel: geometric modeling (adapted from Hottinger et al., 2019); right panel:
more accurate wave-optical simulation (adapted from Hottinger et al., 2021).

7.9 Co-design of the whole system

The previous sections outlined all the different components and aspects of the system
that need to be refined further. Each of them has its own function that needs to be
considered and optimized. But the overall merit of the system is not governed by the
performance of the individual components but is measured by the end result of the whole
operation. In the case of the MLR-TT sensor, the overall performance is measured by
the amount of light that is coupled to the SMF.

Accurate measurement and correction of tip-tilt is a necessary step in doing so. But
it is only one subsystem. Rather, all components must be taken into account to measure
the eventual overall performance.

In this chapter, all information was gathered to create a pipeline that simulates the
entire system, including its temporal behavior. Although the physical concepts of the
system are well known, the full treatment of each component might be computation-
ally too expensive. Therefore, a few approximations need to be made that need to be
separately validated to be reasonable within the required accuracy.

The input of the model will have a wide variety of input parameters. First, this is the
exterior environment, such as the characteristics of the disturbance and the optics of the
telescope. This can be regarded as static, though their impact needs to be analyzed over
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a certain range, as the environment may change due to changing observing conditions,
telescope orientation, etc. Second, the design parameters of the MLR-TT sensor as
outlined need to be optimized within their constraints.

Eventually, the system needs to be optimized with a reasonable algorithm like particle
swarms that can both cope with the computational cost of simulating the whole system
and find a feasible global maximum within the large parameter space.

7.10 Project continuity

The work presented in this thesis has shown that the sensor as demonstrated was not
able to sufficiently sense and correct for tip and tilt vibrations. However, the concept
of the MLR-TT sensor, as first described by Dietrich et al. (2017) and then developed
throughout this work, surely poses a unique instrument that has the potential to satisfy
expectations either in this application or in a more specific environment.

This work summarizes all the physical and practical concepts necessary for future
researchers to continue the development. To further assist prospective development, it
is also important to make the underlying designs and software available to the research
community. Therefore, a GIT repository is maintained to hold both the archived design
documents and the control software from the on-sky setup, the most prominent on-sky
data, and the analysis and simulation scripts for subsequent publications and future
development. It is publicly available at https://gitlab.lsw.uni-heidelberg.de/ph

ottinger/mlr-tt-sensor.
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8 Conclusion and future prospects

It is now important to consider the next steps to be taken from the presented insights.
These are approaches to further develop the concept and the appropriate use cases where
the sensor will have the most beneficial impact.

Results

The Königstuhl Observatory Opto-Mechatronics Laboratory (KOOL) setup was suc-
cessfully set up with modifications and it was well suited to test and characterize the
MLR-TT sensor and develop the system, providing a realistic telscope environment re-
garding vibrational capabilities.

The MLR-TT’s lens design yielded a usable design, but the geometric approximation
used to model its behavior did not suffice. While it was most likely good enough to
model the rays and thus optimize the lenses’ shape, it did not properly predict the
sensor response. For a more thorough analysis, wave propagation also needs to be taken
into account. Using Fresnel propagation to model the intensity distribution at the MLR
surface was able to predict the sensor response much better.

In the on-sky setup, the system was unable to improve SMF coupling significantly.
The coupling efficiency, in particular, fluctuates strongly, as it is sensitively dependent
on many environmental factors.

Therefore, the reconstruction accuracy in reference to the simultaneously recorded fo-
cal plane images and the centroid position as reconstructed from it was used to determine
the performance of the sensor. While there are errors associated with this reference as
well, it is still a good approximation of the target. This reconstruction accuracy captures
both the reconstruction error introduced by the sensor and the reconstruction algorithm,
as well as the noise introduced by the various components of the system. In the best case,
the sensor was able to achieve a reconstruction accuracy of 0.19λ/D in both directions.

Subsequent analysis shows that this accuracy is mostly dominated by residual AO
wavefront aberrations. This conclusion is based on two observations. First, the behavior
of this error with respect to the approximated AO performance was simulated showing
a strong correlation between the achieved SR and the resulting accuracy of the MLR-
TT sensor. Second, the error is observed to dominate at temporal frequencies that are
associated with the Zernike modes excited by the atmospheric turbulence.

While the above effects play the dominating role, a number of factors also have a
significant impact and are found to limit performance, such as the latency of the system
including the control loop calculations and correction mirror movement.
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Sensor optimization

At first, the sensor needed to be optimized in order to fully capture its potential. The
various aspects as listed in Sec. 7.9 such as the geometry of lenses and fibers and their
optical properties played a significant role in the response of the sensor and therefore in
its sensitivity. The parameter space of the design was large, making this optimization
rather complex. In addition to the parameters mentioned in the current design of six
sensing MMFs and a single MLR, the manufacturing constraints were rather small.
This allows for many possible modifications to be imposed on the sensor that should be
explored in order to find the best working setup.

The optimization process was particularly cumbersome, as the entire system needs
to be taken into account in order to accomplish the necessary accuracy. This work
has shown rigorously how different aspects of the whole optical system affect sensor
performance, including observing conditions.

Use cases

The dependence of the performance on the environment implies that a very wide range
of use cases should be considered in more detail. The cross-dependence between these
parameters will make a generalized global optimization both analytically and compu-
tationally expensive. But a number of system environments stand out as particularly
suited setups to be combined with the MLR-TT sensor.

The primary use case, as presented in this work, is the LBT as a very large tele-
scope with state-of-the-art ExAO working near the diffraction limit. The large NCP
aberrations and vibrations encountered at such observatories make tip-tilt stabilization
necessary. Here, the MLR-TT sensor can make use of close positioning to the coupling
at the fiber tip. However, as the complexity of these large telescopes is already at a very
high level, the reduction in optical complexity by using the MLR-TT sensor is not that
beneficial as the conventional options such as quad-cell detectors do not add substantial
complexity.

Furthermore, the LBT AO system does not have special speckle and NCPA suppression
as found in other ExAO systems such as SPHERE at VLT (Beuzit et al., 2008) or
SCExAO at Subaru telescope (Jovanovic et al., 2015). These instruments were designed
for high contrast, high angular resolution imaging and deploy even more specialized AO
concepts, therefore potentially providing a more suitable input to the MLR-TT sensor
with less residual aberration.

Apart from the large telescopes discussed above, near-diffraction-limited telescopes
with diameters D ≲ r0 and hence without AO systems might also play an important
application role. These are used in automated systems or as part of telescope arrays,
potentially feeding an interferometric instrument. The particular benefit of such a system
is the reduced complexity of the MLR-TT sensor both in integration and in operation
and its very small opto-mechanical footprint.

Space-born telescopes also fall into this category. In the absence of atmospheric dis-
turbances, these naturally work in the diffraction-limited regime and would benefit from
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the small footprint. As they are not as prone to vibrations, the use of an MLR-TT sensor
concept would primarily focus on guiding, reducing the requirements on sensitivity and
speed.

Potentially, another range of applications arises if the concept design is fundamentally
modified. Especially using a MMF as a central science fiber would make this a possible
component for most telescope setups that use optical fibers.

All of the above applications can, in some way, also be related to optical communica-
tion, particularly free-space optical communication. This is an ever-growing field where
low-cost, low-complexity solutions are very desirable.

System optimization

In this work, a practically limiting factor proved to be the feedback control system with
its particular parameters.

Foremost, the reconstruction algorithm leaves room for improvement. This includes a
better characterization of the current algorithm with regard to, for instance, the impact
of different residual aberrations. Statistically based models should be explored in-depth,
particularly including further investgation of ML approaches. Additionally, including
the time domain to make use of temporal correlations should be considered. An optional
output of the sensor could also be the reconstruction of more wavefront information than
just the tip and tilt, such as more low-order Zernike modes.

The different components of the control system need to be optimized to reduce noise
and latency of the system. As with most systems, the detector is a crucial element. It
sets the baseline for the amount of camera noise and the maximum correction frequency
that can be achieved. Furthermore, the computer system and the tip-tilt correcting
mirror account for most of the control latency.

Finally, the interplay of these components, governed by the control algorithm, could be
executed in a more advanced procedure. The integrator controller currently used only
implements a simple control system. A more suitable, but albeit complex, algorithm
could be the LQG controller that considers the system’s properties, such as different
noise sources.

Another potential consideration is to feed more sensors to the control algorithm. As
the MLR-TT sensor itself features only limited information about the incoming light
beam, the different sensor data might be able to break some of the occurring degenera-
cies. Examples include existing AO WFSs, focal plane images, SMF coupling intensities,
mechanical information of telescope orientation, etc. However, having a grid of sen-
sors that each work with a separate set of parameters, including frequency and noise
characteristics, introduces another set of complexity that needs to be dealt with.

Research context

This demonstration of the MLR-TT sensor is, hopefully, only the beginning of more
research for integrated microlens fiber sensors. Proven conventional solutions for the
use case presented in this work exist such as quad-cell detectors or focal plane imaging.
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Additionally, the research field of integrated astrophotonic devices has only a limited
amount of resources. But both application cases, inside and outside of astronomical ob-
servatories, and the vast possibilities for optimization, enhancement, and customization
are benefits justifying further development.

Both the sensor itself and the integration of a WFS with a vital part of an instru-
ment can be considered novel approaches to astronomical instrumentation. This proof-
of-concept work has therefore shown a good possible path of where future integrated
instrument design might be headed to. Yet, it has also shown the complexities that even
a small system will encounter when integrated with the context of on-sky performance
at astronomical telescopes.
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