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Abstract
Interferometric laser ranging is a powerful enabling technology for high-precision satellite-to-satellite tracking within the context of Earth observation, gravitational wave detection, and formation flying. Since the launch of the gravity field mission GRACE FollowOn in 2018, the onboard Laser Ranging Interferometer has successfully been operating as
a technology demonstrator in a low-Earth orbit and has significantly enhanced the measurement accuracy compared to the former microwave instrument. The optical instrument
is based on a large, distributed retroreflector, whose virtual reference point is precisely
co-aligned with an accelerometer at the spacecraft center of mass.
Within the framework of this work, a new design concept for an instrument of this type is
derived, allowing the location of the reference point and the external beam offset to be
tuned independently of the size and position of the retroreflector. This highly flexible instrument will facilitate the accommodation in future missions. In contrast to a conventional retroreflector, the wavefront segmentation of beams directly aiming towards the
reference point is avoided.
In orbit, the measurement system is affected by environmental influences, imposing an
instrument design with a high level of thermo-elastic stability and insensitivity to variations of the angle of incidence or line of sight. A parameterized performance model developed for this work allows the assessment of the expected sensitivity in the nanometer
regime based on available in-flight data and future mission studies.
On this basis, optical design and construction of the "Optical Metrology Terminal" are carried out, resulting in a basically flight-representative instrument as it could be used in
future gravity field missions. The terminal comprises an active transponder system, featuring a two-dimensional beam-steering mechanism not affecting the measurement path.
Two quadrant photoreceivers measure the displacement signal in the relative phase
among the received and transmitted laser beams as well as the angle in-between. An integrated acquisition sensor is optionally used to minimize the amount of time required to
establish the laser link by detecting the presence and direction of an incident light beam.
The experimental realization takes place on an elegant breadboard level with a direct
bonding of all components to a Zerodur baseplate. The instrument performance is examined in a dedicated verification setup in terms of long-term stability, tilt-to-length coupling, and initial signal acquisition. For this purpose, the properties of the laser beam
received from the remote spacecraft are experimentally replicated. Signal processing, a
multi-channel phasemeter and real-time control are implemented in the digital domain
through programmable logic, and all parameters can be tuned at runtime. Measurements
in surrounding air prove a stability in the single-digit nanometer range as well as experimentally confirm the high tolerance against variations of the angle of incidence.
i

Zusammenfassung
Die Laserinterferometrie eröffnet in der Raumfahrt als zukunftsweisende Technologie
neue Möglichkeiten zur hochpräzisen dynamischen Abstandsmessung zwischen Satelliten, insbesondere im Hinblick auf Erdbeobachtungsmissionen, der Detektion von Gravitationswellen und Metrologie für Formationsflüge. Mit der Schwerefeldmission GRACE
Follow-On fliegt seit 2018 ein Laserinterferometer erfolgreich als Demonstrator im niedrigen Erdorbit und konnte die Genauigkeit des bisherigen Mikrowelleninstruments deutlich übertreffen. Das optische System basiert auf einem großen, verteilt aufgebauten
Retroreflektor, dessen virtueller Referenzpunkt sich mit einem Akzelerometer im
Schwerpunkt des Satelliten überlagert.
Im Zuge dieser Arbeit wird ein neues Konzept hergeleitet, das es erlaubt, die Lage des
Referenzpunkts sowie den Strahlabstand unabhängig von Größe und Position des Retroreflektors einzustellen. Damit kann das Instrument flexibel an die Anforderungen zukünftiger Missionen angepasst werden. Die direkte Anstrahlung des Referenzpunkts führt
gegenüber herkömmlichen Retroreflektoren nicht zu einer Aufspaltung der Wellenfront.
Im Orbit wirken Umwelteinflüsse auf die Satelliten, die auf der Grundlage von Messdaten
und Missionsstudien in einer parametrisierten Abschätzung der zu erwartenden Genauigkeit berücksichtigt werden. Eine Auflösung im Nanometerbereich setzt dabei ein Instrument mit hoher thermo-elastischer Stabilität voraus, das zudem unempfindlich auf
Änderungen des Einfallswinkels reagiert.
Darauf aufbauend erfolgt die optische Auslegung und Konstruktion des „Optical Metrology Terminals,“ wie es in einer zukünftigen Schwerefeldmission typischerweise zum Einsatz kommen könnte. Zur Überbrückung weiter Entfernungen beinhaltet der Messkopf
ein Transpondersystem mit zweidimensionaler Strahlrichtungsnachführung außerhalb
des Messpfads. Zwei Quadrantendioden messen Abstandsänderungen über die relative
Phasenlage zwischen empfangenem und gesendetem Laserstrahl sowie deren relativer
Winkel. Ein optionaler Akquisitionssensor unterstützt den Aufbau der Laserverbindung,
indem Existenz und Einfallswinkel eines ankommenden Lichtstrahls detektiert werden.
Die experimentelle Umsetzung erfolgt als flugnahe optische Bank mit einer direkten Anbindung aller Komponenten an eine Grundplatte aus Zerodur. In einer dedizierten Testumgebung wird das Instrument hinsichtlich Langzeitstabilität, Empfindlichkeit auf den
Einfallswinkel und Signalakquisition untersucht. Hierfür werden die Eigenschaften des
vom entfernten Satelliten ankommenden Laserstrahls experimentell nachgebildet. Signalverarbeitung mit Phasenmessung und Regelung in Echtzeit sind digital in programmierbarer Logik umgesetzt und können zur Laufzeit parametriert werden. Messungen an
Luft zeigen eine Stabilität im einstelligen Nanometerbereich und weisen auch experimentell eine hohe Toleranz gegenüber Veränderungen des Einfallswinkels nach.
iii
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1 Introduction
The nature of our planet Earth has always been a predominant research field for humanity, as it provides the necessary conditions for life and significantly affects our quality of
living. Long before the availability of today's instrumentation and data acquisition, observations from the present and past allowed scientists to draw predictions for the future. It
is not only the current constitution of Earth but its variations over time that provide insights into the underlying mechanics and processes. Thousands of years ago, when creating the first maps, it was already evident that land-based observations may achieve an
excellent resolution locally, but the combination with surrounding context is highly errorprone. Since the availability of Global Navigation Satellite Systems (GNSS) and especially
after lifting the selective availability of the US Navstar Global Positioning System (GPS) in
2000, the position determination of various instruments all over the world is readily referenced to a uniform coordinate system. However, if an instrument covers only a small
area at once and cannot easily be moved to another location, e.g., without losing calibration, comprehensive coverage of the Earth's surface is rather impracticable. Therefore, in
the last decades, spaceborne Earth observation missions offer a complementary, successful method with full coverage. Scientific instrumentation in space has furthermore the advantage of being hundreds of kilometers away from numerous human-made noise
sources and other interferences.
A wide range of Earth observation satellites operates in a near-polar Low-Earth Orbit
(LEO) with an inclination towards the equator close to 90°. With each orbital period of
roughly 90 min, the Earth rotates relative to the orbit of the satellite so that the ground
track crosses the equator at a westward advancing degree of longitude. In a matter of
days, up to a few weeks, the satellite will meet its previous path again. Depending on the
swath, i.e., the width of the observed ground track perpendicular to the direction of motion, this could be the time required for one complete surface scan. The UCS1 satellite database [1] (as of April 2019) currently lists 238 active satellites for civil Earth observation
with launch masses above 100 kg of which the European Space Agency (ESA) operates 21
within Copernicus, the living planet program, and meteorological missions. Alongside direct measurements of the Earth's surface topography through optical imaging, radars, and
altimeters, the satellites involve measurements of the atmosphere with spectrometers
and lidars, evaluation of the magnetic field, and even more indirect measurement methods such as the determination of the gravitational field.
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Introduction

1.1 Spaceborne Gravity Missions
The non-uniform distribution of mass around and within Earth creates a gravity field with
an irregular shape. As a result of Earth's self-rotation, centrifugal acceleration at the equator led to an increased diameter with flattening of the poles. In geodesy and geophysics,
the primary approximation of this shape is a reference ellipsoid. The WGS84 model used
by the Global Positioning System (GPS) defines the reference ellipsoid with a semi-major
axis of 6,378,137 m and a semi-minor axis that is around 21,385 m shorter [2]. Although
globally available, the reference ellipsoid is not always a practical means for the comparison of heights since it does not express an equipotential surface of Earth's gravity field,
and in certain regions, water flowing down a river would gain height. For this reason,
height measurements in the whole world often refer to the mean sea level. If the sea were
in a perfect state of rest and not be affected by other forces, its surface would be a direct
representation of the geoid, a general reference surface for the gravity field of Earth, but
far away from the sea rather difficult to access. The geoid extends through the continents
and contains the actual mass distribution of Earth. As an equipotential surface of the gravity field, the field vectors are oriented perpendicularly, i.e., moving an object along this
surface would not build up potential energy. The difference between the geoid and the
reference ellipsoid is called geoid undulation and extends to beyond 110 m. Therefore,
most GNSS receivers implement a reduced model in order to obtain the local geoid height
and calculate the orthometric height as the altitude above the geoid. The geoid is often
represented mathematically in spherical harmonics, a set of functions that are defined on
the surface of a sphere and form a complete base. The degree of spherical harmonics, up
to which these polynomials are utilized, provides the flexibility for adjusting the level of
detail and consequently the number of coefficients. A first gravity model based on satellite
tracking data captured from ground stations has already been published in 1966. More
recent dedicated satellite missions allowed for the global determination of higher spherical harmonics, i.e., a considerably improved spatial resolution [2].
Challenging Minisatellite Payload (CHAMP)
As the first candidate of this series, the CHAMP mission, managed by the German research
centre for geoscience GFZ, was launched in 2000, introducing the Flexbus platform of Airbus (former EADS Astrium) for small satellite missions, which is also used in the later
GRACE and GRACE Follow-On missions [3, 4, 5]. The scientific instruments onboard of
CHAMP include magnetometers, an ion drift meter, a three-axis accelerometer, star cameras, a laser retroreflector, and a GPS receiver. The satellite orbiting Earth is in a free-fall
condition with gravity taking the effect of a centripetal force. Due to the irregular shape
of the geoid, gravity affecting the spacecraft varies depending on its location. Therefore,
precise knowledge of the actual path is vital for the reconstruction of the gravity field and
is provided by laser ranging from ground stations all over the world as well as GPS position determination, both with centimeter accuracy [6]. For gravity missions, a low orbit is
required since a higher altitude attenuates the signal of interest and effectively leads to
2

Spaceborne Gravity Missions
spatial lowpass filtering of the anomalies. All non-gravitational forces such as atmospheric drag or solar radiation pressure cause a motion of the spacecraft, which is detected
by the accelerometer and compensated for in the later data post-processing. Precisely
aligned to the spacecraft center of mass, the accelerometer has minimal sensitivity to centrifugal and angular accelerations [7]. CHAMP enabled geoid models up to a spherical harmonics degree of 100 [8]. Figure 1-1 (a) depicts the EIGEN-2 geoid model based on
measurement data provided by CHAMP between July 2000 and December 2001 with a
radial boost of 10,000 concerning geoid undulation. For a spatial resolution of 550 km,
the accuracy in terms of geoid height is better than 10 cm [9].
(a)

(b)

(c)

Figure 1-1 Evolution of the geoid model over the last 20 years with data
provided by dedicated spaceborne gravity missions, starting with (a) the
EIGEN-2 model acquired from CHAMP, (b) the GGM05S model with data
from GRACE, and (c) the EIGEN-6C4 model, which is a fusion of many different data sources including GOCE measurements (Image credit: icgem@gfzpotsdam.de, online 3D visualization platform).
Gravity Recovery and Climate Experiment (GRACE)
Less than two years later, with the launch of GRACE in 2002, a US/German collaboration
mission between NASA and GFZ, not only measurements of the static gravity field of Earth
were possible with unprecedented accuracy, but since then also temporal variations are
recovered on a monthly basis. In addition to the underlying types of instruments already
used in CHAMP, i.e., the accelerometer, a laser retroreflector for ground tracking, and the
GPS receiver, the measurement principle of GRACE comprises a second spacecraft in an
along-track formation. The nominal separation between the two identical spacecraft is
200 km at an altitude of 500 km.
The two satellites are affected by the non-uniform gravity field of Earth the same way as
CHAMP. However, due to the small time-delay towards the trailing spacecraft, gravity
anomalies cause observable variations in their distance. After eliminating all effects induced by the orbit itself in post-processing, their residual relative motion correlates with
the differential gravitational acceleration. A microwave ranging instrument operating in
the K/Ka-band at 24 and 32 GHz continuously tracks the displacement with micrometer
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accuracy [10]. Figure 1-2 illustrates the measurement principle of the GRACE mission.
Gradients within the gravity field induce variations in the distance between two test
masses located in the center of gravity of each spacecraft and therefore allow for precise
measurements of their differential gravitational acceleration. A more detailed explanation
can be found in [10].

1

2

Figure 1-2 The GRACE measurement principle [11] determines the differential gravitational acceleration g!,#$% − g &,#$% along the line-of-sight between two identical satellites by observing small variations of the intersatellite separation L. An accelerometer located in the center of mass
measures all non-gravitational forces incident on each spacecraft for later
compensation in post-processing.
A single orbit repeat cycle of 30 days provides enough information for a geoid model with
a spatial resolution between 200 km and 500 km, i.e., up to a spherical harmonics degree
of 90 [8, 12]. Figure 1-1 (b) depicts the GGM05S geoid model based on more than a decade
of GRACE data. In this way, sequential data packages give insight into temporal variations
of the gravity field. The major part of these variations is the result of water movements
such as seasonal groundwater fluctuations, moving oceans, or melting ice masses. Therefore, the term “equivalent water thickness” is a descriptive expression for the variable
amount of gravity in the form of a thin layer of water close to the surface varying over
time measured with centimeter accuracy. Seasonal variations such as of the Amazon basin
in South America show fluctuations in the order of 30 cm peak-valley [13]. GRACE reveals
losses of ice masses in the order of 270 Gt/year in Greenland [8]. Furthermore, GRACE is
sensitive to mass redistribution in the lithosphere as a result of glacial isostatic adjustment and captured the effects of several earthquakes in the last years [2, 8].
Gravity field and steady-state Ocean Circulation Explorer (GOCE)
The Earth Explorer GOCE of the European Space Agency (ESA) was launched in 2009, conducting complementary measurements to GRACE. With an operating altitude below
300 km, GOCE is sensitive to even higher spatial frequencies. At the same time, residuals
from the outer atmosphere cause a significant amount of drag, demanding adequate compensation for science operation. Therefore, an ion thruster based on Xenon propellant enables drag-free control of the spacecraft with minimal vibration levels. The primary
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payload of GOCE comprises an electrostatic gravity gradiometer. Three pairs of accelerometers with an arm length of 50 cm are oriented perpendicularly among each other
and measure the gradient of the gravity field. While the long armlength of GRACE is superior at lower spherical harmonics and allows for tracking temporal variations, GOCE data
improved the static gravity knowledge at a spatial resolution of 100 km to 2.5 cm accuracy
in terms of geoid height [8]. Figure 1-1 (c) depicts the EIGEN-6C4 geoid model, which
combines various data products, including measurements from GOCE and GRACE, with a
significantly enhanced resolution of small features. The difference between such detailed
geoid models and surface data from satellite altimetry provides insights into ocean circulation, e.g., the velocity of the Gulf current [8]. GOCE exceeded its designed mission duration of 20 months by more than two years, but in the end, after more than 36,000 hours
of thruster operation, the xenon tank was depleted [12, 14].
GRACE Follow-On
From all the previous gravity missions mentioned above, especially the temporal map of
gravity variations observed by GRACE reveals highly dynamic processes and long-term
variations, which improve our understanding of the planet Earth and the massive effects
mutually related to climate change. For this reason, continuity of the time series beyond
GRACE is considered even more critical than achieving higher accuracies in the measurement of the geoid.
GRACE Follow-On is essentially a rebuilt of the GRACE satellites, again in a US/German
collaboration [5]. The two satellites were launched in 2018, continuing the measurements
after a one-year data gap. The original GRACE mission was so successful that the mission
duration could be extended from a design life of 5 years to more than 15 years in orbit
operation. Due to residual atmospheric drag, this would not have been possible at a lower
altitude limited by the available propellant of the propulsion system. In order to preserve
this opportunity, the orbit of GRACE Follow-On is very similar to GRACE with an actual
altitude of 491 km and a spacecraft separation of 176 km, as of June 2019 [15]. In addition
to the primary microwave ranging instrument, GRACE Follow-On is equipped with a laser
interferometer as a technology demonstrator providing more accurate ranging data and
raising the instrument maturity for future missions [16].

1.2 Interferometric Laser Ranging
Interferometric laser ranging is an enabling technology for high-precision satellite-to-satellite tracking within the context of earth observation, gravitational wave detection, or
formation flying. In contrast to measurements of the time-of-flight or triangulation, the
coherent interferometric detection does not unambiguously provide the absolute distance but measures relative displacement with accuracies reaching a fraction of the laser
wavelength. This section provides an exemplary description of inter-satellite laser interferometry based on the Laser Ranging Instrument (LRI) of GRACE Follow-on, but many of
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the basic principles remain applicable for future missions. Since its launch in 2018, the
LRI is fully operational and successfully demonstrated the feasibility and superior performance of this novel technology [16].
In orbit, the measurement system is affected by environmental influences, particularly by
spacecraft attitude jitter and temperature fluctuations, demanding an instrument design,
which has a high level of thermo-elastic stability and is insensitive to rotations about the
fiducial point of the measurement, i.e., the spacecraft center of mass. With a ranging noise
requirement of 80 nm/√Hz at frequencies of up to 100 mHz, the LRI improves the accuracy of the displacement measurement system by more than one order of magnitude compared to the primary microwave ranging instrument with a measured noise floor of about
3 µm/√Hz [17, 18].
Amplitude spectral density
The unit m/√Hz refers to the Amplitude Spectral Density (ASD), the square root of the
Power Spectral Density (PSD), of the displacement signal, which is a convenient representation for comparison of requirements with the noise floor of actual measurements within
a specific frequency band [19]. The Root Mean Square (RMS) value calculated from the
G(𝑓) [19]
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include the entire spectrum for continuous signals and time discrete signals up to the
Nyquist frequency. Many performance estimates, allocations, and requirements during
the instrument analysis and verification in this work will be stated either as an ASD or
RMS value.
1.2.1 The laser ranging instrument
The LRI in GRACE Follow-On is specified to such an extent, that it is not limiting the overall
system performance throughout the entire frequency band of interest, between 2 and
100 mHz. The science goal behind the mission is to recover the gravity field of Earth based
on measurements of the differential acceleration between both satellites. Since accelera-
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tion is the second derivative of the distance and the accelerometer output signals are processed together with the displacement signal in order to compensate for non-gravitational influences, there is a direct correlation between the sensitivity of the accelerometer
and the required accuracy of the LRI. The sensitivity of the modified SuperSTAR accelerometer is specified with 100!1 m/s & /√Hz per axis with a relaxation for frequencies below 5 mHz and above 0.5 Hz [20], which for conversion into displacement noise is divided
by (2𝜋𝑓)& (double integration in the frequency domain) causing an 1/𝑓 & slope rising towards lower frequencies. There are two independent accelerometer units involved in the
overall measurement - one per spacecraft - so that the statistical accelerometer noise floor
is further increased by a factor of √2. Due to the increasing accelerometer noise contribution at the lower frequencies of the measurement band, the full potential of the LRI becomes more prominent close to the upper-frequency limit, where the measurement signal
contains variations in the gravity field with high spatial resolution, i.e., high order spherical harmonics [16, 18]. This characteristic is also reflected in the spectral representation
of the total ranging noise requirement. The ASD is defined as a constant value of
80 nm/√Hz multiplied with the GRACE Follow-On Noise Shape Function (NSF) [17, 21]

G234 (𝑓) = L1 + Z
𝑈
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10 mHz

(1.3)

which concedes a relaxation of the requirement towards low frequencies where the accelerometer noise is dominating, see Figure 1-3. Similar NSFs apply equally to other requirements and measurements, e.g., spacecraft jitter, temperature stability, or laser
frequency noise. The 1 µm/√Hz microwave ranging sensitivity is shown as a reference.
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Figure 1-3 The instrument sensitivity of GRACE Follow-On combines the
dynamic ranging noise requirement of the LRI or microwave instrument
with the uncorrelated accelerometers, converted into units of displacement.
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Table 1-1 lists some key parameters and requirements for the laser ranging instrument
on GRACE Follow-On [17, 18, 21]. The first set of entries summarizes the primary ranging
performance; the second section specifies the laser system; the third section lists parameters of the receiving path; the final segment corresponds to the transponder system.
Table 1-1 Parameters and requirements for GRACE Follow-On
Parameter
Ranging noise
Spacecraft separation
Measurement band
Laser power
Wavelength
Laser frequency stability
Transmit beam waist radius
Field of regard
Receive aperture radius
Effective received power
Beam alignment error
Pointing stability
Rotational coupling factor

Value Unit
G234 (𝑓)
80 nm/√Hz × 𝑈
220 ± 50 km
2 − 100 mHz
25
1064
30
2.5

mW
nm
G234 (𝑓)
Hz/√Hz × 𝑈
mm

4.5 mrad
4 mm
≈ 200 pW
50 µrad
20 µrad / 1 orbit
200 µm/rad

GRACE Follow-On still relies on the microwave ranging instrument as its main instrument,
and the additional laser interferometer has originally been merely implemented as a technology demonstrator. As in GRACE, the microwave antennas are placed on the direct lineof-sight between the spacecraft and together with a propellant tank block this path for the
laser interferometer. Hence, the design of the LRI was driven by the accommodation in
the existing spacecraft platform. For this reason, the LRI has a lateral offset of 60 cm between the received and the transmitted laser beam bypassing all those obstacles. This socalled racetrack configuration – the measurement path creates a round trip encompassing
the microwave link – is illustrated in Figure 1-4. Both spacecraft incorporate the same
optical components: a retroreflector, an optical bench, and a laser subsystem.
The hollow retroreflector combines three mutually perpendicularly oriented mirrors. The
individual mirrors are arranged particularly to cover just those sections of the cube corner required for the reflection of the actual laser beam. Combined with the mounting
structure connecting the mirrors, the retroreflector in GRACE Follow-On is therefore
named Triple Mirror Assembly (TMA). The roundtrip pathlength across both retroreflectors equals twice the distance between the vertexes and is independent of the angle of
incidence. In order to reduce coupling of spacecraft jitter into the measurement signal,

8

Interferometric Laser Ranging
the (virtual) vertexes are precisely aligned to the spacecraft center of mass, which is also
surrounded by an accelerometer. In this way, the two retroreflectors define the measurement path of the optical instrument between the two spacecraft.
Retroreﬂector
Optical
Bench
S/C 2

S/C 1

Oﬀset-phase locked

slave laser

2-axis
steering
smirror

K/Ka band ranging

2-axis
steering
mirror
Accelerometer

Accelerometer
Stabilised

master laser

Optical
Bench

Figure 1-4 Optical instrument design of GRACE Follow-On [17]. The
measurement path between spacecraft S/C 1 and S/C 2 is defined by two
large, distributed retroreflectors (blue). Their virtual vertex is aligned to the
spacecraft center of mass (covered by an accelerometer). The optical bench
(yellow) includes the photodetectors for the displacement measurement
and a transponder system that regenerates the received beam through a local laser source.
1.2.2 Transponder system
The received beam, however, does not directly enter the retroreflector but first arrives at
the optical bench. In order to cover an inter-spacecraft distance of 220 km, the bench comprises an active transponder system featuring a two-dimensional beam steering mechanism for the alignment of a local, strong laser to the weak received beam without affecting
the measurement path. The beam substitution takes place at a beam splitter, which has a
reflectivity of more than 90 %. A large portion of the beam from the local laser continues
the way of the received beam, which itself is mostly reflected towards the photodetectors,
together with a small bit of the local beam. The pupil imaging lens system is compressing
the beam size and imaging the entrance aperture and the steering mirror onto the photodetectors, minimizing beamwalk across the active area.
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The laser wavelength is used as the scale for the displacement measurement. A distance
variation of half the wavelength 𝜆 = 1064 nm, i.e., 532 nm, introduces a phase shift of 2𝜋
between the received and the launched beam. The 25 mW laser source is based on a commercial flight-proven Nd:Yag NPRO design from Tesat Corporation developed for intersatellite laser communication [10]. The phase measurement is realized using a heterodyne detection scheme with an offset between the frequency-stabilized master laser 𝑓!
and the slave laser 𝑓& in the remote spacecraft. Due to orbital dynamics, the laser frequency is affected by Doppler shifts in the range of ±3 MHz on its way to the other spacecraft. Therefore, the slave laser is offset phase-locked to the received beam from the
master spacecraft with a frequency difference beyond the maximum Doppler shift. Thus,
the implemented heterodyne detection avoids the ambiguity that happens with a sign
change during the measuring period. Both laser beams are superimposed in front of the
photodetector creating an optical beat signal [22]
𝐼 = 𝐼! + 𝐼& + 2f𝜂567 𝐼! 𝐼& cosh2𝜋(𝑓& − 𝑓! )𝑡 + (𝜙& − 𝜙! )j

(1.4)

where 𝐼! and 𝐼& are the intensity of the master and slave laser beam at the detector, respectively. In this way, the actual phase difference between both laser beams Δ𝜙 = 𝜙& −
𝜙! is down-converted into the radio frequency range. GRACE Follow-On operates with
beat frequencies 𝑓86,7 = |𝑓& − 𝑓! | from 4 MHz to 16 MHz. The geometrical overlap between the laser wavefronts determines the heterodyne efficiency 𝜂567 (cf. section 4.3.2).
At the photodetector, the electrical output signal is amplified and fed into an analog-todigital converter (ADC). A digital phase-locked loop (PLL) in the phasemeter tracks the
phase and frequency of the beat signal. Finally, the displacement signal 𝛿𝑧 is calculated by
subtracting the phasemeter output signals Δ𝜙3/: of both spacecraft
δz =

𝜆
hΔ𝜙3/:! − Δ𝜙3/:& j
4𝜋

(1.5)

whereof Δ𝜙3/:& is predetermined by the offset phase-lock in the slave spacecraft.
Another essential feature supported by the photodetectors is the measurement of the relative tilt between the received wavefront and the local laser beam, which serves as the
process value in the steering mirror control loop. For this purpose, the active area of the
photodiode is divided into four segments, each with a separate signal processing chain
and phasemeter channel. A relative tilt, for instance in the horizontal direction, appears
as a phase shift between the left and right segments. This technique is known as differential wavefront sensing (DWS) and has been widely used in laser interferometers [23, 24].
Please see sections 4.3.5 and 5.5.1 for a more detailed explanation of DWS and measurements of the sensitivity. The displacement signal is obtained as the canonical average over
all four phase signals [18].
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1.2.3 Initial link acquisition
The local laser on board the master spacecraft is frequency stabilized through an optical
reference cavity [16, 25]. On the slave spacecraft, the local laser is phase locked to the
received beam with a frequency offset. Nevertheless, for symmetry and redundancy reasons, both spacecraft have a cavity installed so that the master and slave role can be
swapped. However, if both spacecraft stabilize their laser frequency to the cavity, the beat
frequency could exceed the photodetector bandwidth. Therefore, the slave spacecraft has
to perform a frequency scan during initial link acquisition together with a four-dimensional spatial scan, i.e., tip/tilt for each spacecraft. In contrast to the microwave instrument, the divergence of the narrow laser beam is smaller than the uncertainty cone that
covers alignment tolerances and the pointing accuracy of the spacecraft attitude and orbit
determination. For both spacecraft, specific scan patterns have been implemented for the
acquisition stage [26, 27]. A full acquisition scan takes up to 8.5 h [16]. Only if all five degrees of freedom match, a beat signal is received by the photodetectors. Once the laser
link is established, closed-loop control of the steering mirrors and the frequency offset
phase-lock is activated for nominal operation in science mode. Reduced scans are repeated every time reacquisition is required [26].

1.3 Future Gravity Missions
The two GRACE Follow-On spacecraft, launched in 2018, are currently operational and
generating science data [15, 16]. Particularly in the field of geodesy and geophysics, there
is high scientific interest in GRACE-like missions, which provide insight into temporal variations of Earth's mass distribution and water movements. Continuous measurements
over several decades would allow distinguishing between recurring (seasonal) variations
and long-term drifts. Due to the nominal five years lifetime of GRACE Follow-On, studies
on potential successor missions are already ongoing. One option that is currently being
considered is another joint US/German mission, which is strongly oriented towards the
GRACE Follow-On platform and heritage. In addition to a seamless continuation of the
measurements, even further enhancements are discussed in order to maximize the scientific use. Following the comprehensive outcome of GRACE and the successful commissioning of the LRI in GRACE Follow-On, a laser interferometer will likely be selected as the
main instrument in future gravity missions. During the development of the LRI, technologies originally intended for the planned spaceborne gravitational wave observatory LISA
have been adopted. The challenges in realizing interferometric laser tracking with picometer accuracy over a distance of more than a million kilometers demand exceptional performance concerning the laser source, the optical bench, the detection chain, the
phasemeter, and post-processing algorithms [28]. There are significant similarities with
future earth observation missions, which could become a demonstrator for critical LISA
techniques but also might once more profit from the on-going technology development.
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Future gravity mission concepts have also been studied as candidates for ESA’s Earth Explorer program deriving mission requirements and providing detailed analysis of the instrument architecture for a Next Generation Gravity Mission (NGGM) [12, 29, 30, 31].
Disentangled from GRACE, the NGGM studies involve the optical payload into the platform
design and therefore allow for versatile instrument concepts. A NGGM study carried out
by Airbus in 2011 proposed a compact Michelson interferometer design with a refractive
telescope and a fine pointing scan mirror as the last element of the optical bench [30]. The
Earth System Mass Transport Missions e.motion and e& .motion considered both an onaxis and an off-axis instrument design [29, 31]. The off-axis laser interferometer is similar
to the LRI but with a reduced beam offset of 30 cm. Even with no other components blocking the direct line-of-sight, the beam offset needs to be large enough for the co-alignment
of the virtual retroreflector vertex with the accelerometer. The alternative on-axis design,
where the received and launched beams share a common path along the line-of-sight, requires a more critical pointing scheme. At that time, there was no on-axis design available
that utilized a retroreflector without major penalties such as a poor wavefront quality due
to a segmentation of the beam. As a result, in the analyzed designs, the relative alignment
between the optical bench and the line-of-sight is crucial. A 90° folding mirror in front-of
the on-axis instrument allows to orient the optical bench perpendicular to the line-ofsight or a telescope. A steering mirror that commonly reflects the received and the transmitted beam would inevitably contribute noise to the measurement path. Actuation of the
optical bench involves a relatively large moving mass that limits the maximum control
bandwidth and may also disturb the accelerometer. The consideration of spacecraft pointing as the baseline transfers the complexity from the optical instrument to the Attitude
and Orbit Control System (AOCS) of the spacecraft. Basically, all of these pointing options,
with the exception of the off-axis retroreflector design, have a direct impact on the measurement path.
One of the challenges in GRACE/GRACE Follow-On data processing is the low sampling
frequency given by the orbit repeat cycle, causing aliasing of higher frequency components (e.g., tides). Another issue is that the residual error of the recovered gravity fields
is highly anisotropic since the ground track of the in-line satellite pair crosses each point
always in the same direction. The NGGM mission studies essentially propose two approaches, a pendulum orbit or two concurrent satellite pairs [12, 29, 30, 31]. In a pendulum orbit, the orbital planes of the two spacecraft are tilted relative to each other. As a
result, the orientation of the line-of-sight oscillates back and forth with respect to the direction of flight. If the spacecraft orientation has to follow the line-of-sight, atmospheric
drag will periodically change and increase the required propellant for orbit keeping. A
second pair in addition to the near-polar in-line constellation could operate at a lower
inclination in the range of 60 − 70°. This supplementary measurement increases the overall sampling frequency and results in a more isotropic error in the evaluated gravity fields.
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A more recent NGGM study conducted by Thales Alenia Space in cooperation with
SpaceTech Immenstaad aims for a ranging accuracy of 20 nm/√Hz with a goal of
10 nm/√Hz [32, 33]. This is almost one order of magnitude more precise than GRACE Follow-On and requires severe suppression of the most dominant noise source, i.e., laser frequency noise. As a result, the requirement for the optical reference cavity is refined
together with a reduction of the inter-spacecraft distance down to 100 km and more importance of the accelerometer sensitivity. A lower orbit might be used in order to compensate for the lower sensitivity to gravity-induced distance variations but also for
increasing the spatial resolution. With the baseline of spacecraft pointing, however, the
AOCS will face increased atmospheric drag while demanding in-band pointing stability
below 2 µrad/√Hz [32, 33]. The proposed pointing scheme eliminates the steering mirror
and irradiates the retroreflector in the active spacecraft with a static beam. Hence, the
pointing jitter of the launched beam is fully correlated to residual spacecraft jitter, so that
the assumption of independent coupling noise contributors might be too optimistic. For a
spacecraft separation above 100 km, all mission concepts mentioned above consistently
prefer a transponder system. The beam regeneration significantly lowers the required
output power of the laser source and avoids the diffraction effects of a partially reflected
beam. An alternative currently investigated option with a passive retroreflector in the remote spacecraft involves a much more powerful 500 mW laser source [32, 33]. Nevertheless, the required pointing stability of 2 µrad/√Hz equally applies to the remote
spacecraft, which does not provide a transponder system that can be used as an AOCS
sensor.
The coupling of spacecraft jitter into the displacement measurement signal is a dominant
noise source at the lower end of the measurement band. Thus, a more stringent pointing
stability requirement can suppress imperfections of the optical instrument or alignment
errors to the spacecraft center of mass. Therefore, the ASD of the expected ranging sensitivity follows the same low-frequency noise shape as the presumed spacecraft jitter,
which is defined by the NGGM noise shape function [31, 32, 33]
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Since the payload in a future gravity mission will comprise more than solely a laser ranging interferometer, the performance aspect needs to be coordinated along with the complementary subsystems. The LRI requirement in GRACE Follow-On was derived from the
sensitivity of the accelerometer while contributing only a fraction of its noise at low frequencies. Therefore, an improvement of the overall system performance demands also
further enhancements of the accelerometer. In the context of NGGM, the French national
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research laboratory ONERA continued the development of new accelerometer architectures with MicroSTAR [20, 34]. The electrostatic MicroSTAR accelerometer utilizes a cubic proof mass which will provide identical performance in all three axes and allow for
precise angular sensing. Compared with the SuperSTAR accelerometer used in GRACE,
the sensitivity rises from 100!1 m/s & /√Hz to 4 ⋅ 100!! m/s & /√Hz [31, 34]. However, one
caveat that comes with improved accuracy is a reduction of the measurement range, so
that continuous drag compensation or even a drag-free operation of the spacecraft becomes more important, especially at a low altitude.
As a promising alternative to electrostatic accelerometers, cold atom interferometers are
considered as a key technology in the field of spaceborne gravimetry in the more distant
future [35]. Precisely timed laser pulses split, re-direct, and recombine the cold atom matter wave that generates an interference pattern on the detector. A retroreflection scheme
for the light pulses allows the measurement of the relative acceleration of the cold atom
cloud and a reference mirror [36]. Through absolute measurements of gravity, the longterm stability of the atomic sensor is not affected by bias drifts [35]. In microgravity, the
interrogation time can be elongated for a proportional boost of the accuracy. Due to the
low sampling rate combined with the short wavelength of the matter-wave, phase jumps
between two consecutive measurements may not be recovered correctly and lead to an
ambiguity in the readout. One solution is the hybridization of the cold atom interferometer with another inertial sensor type [34, 37]. In an optimal fusion of both measurements,
the conventional sensor tracks the acceleration with a high bandwidth while the atomic
sensor blends over towards lower frequencies. The increased sensor performance then
could allow to significantly reduce the arm length currently considered for NGGM.

1.4 Laser Interferometer Space Antenna
The Laser Interferometer Space Antenna (LISA) is an upcoming spaceborne gravitationalwave observatory for the detection and observation of disturbances in spacetime, that are
generated by accelerated masses. Gravitational waves were predicted in 1916 by Albert
Einstein, but the first direct observation was 100 years later the merge of a binary black
hole with the ground-based Laser Interferometer Gravitational-Wave Observatory (LIGO)
[38]. LISA has been selected as the third large mission within the Cosmic Vision program
of the European space agency with a launch date aimed for 2034 [28].
The LISA mission concept is a constellation of three spacecraft in a formation. Free falling
test masses in all spacecraft serve as reference points for the measurement. A laser-link
between each pair recognizes distance variations with 10 pm/√Hz accuracy over an arm
length of 2.5 million kilometers. When a gravitational wave is passing through the constellation plane, the curvature of spacetime affects the distance, and thus, the optical pathlength. Due to the rotating triangular formation, the polarization state and the direction
of propagation of the gravitational wave can be analyzed. The LISA mission will orbit
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around the sun 50 million kilometers (20°) behind Earth, and unlike ground-based detectors, be far away from any human-generated noise sources. For this reason, LISA will operate in a frequency band from 0.1 mHz to 0.1 Hz so that it is sensitive to events like a
binary black hole merger up to several years in advance with a signal-to-noise ratio a hundred times higher than LIGO.
Several critical aspects for the LISA mission, e.g., drag-free control of the test masses, and
the optical readout were examined in 2016 with the precursor mission LISA Pathfinder.
Crucial structural elements and the optical bench of LISA Pathfinder were made of Zerodur, a glass ceramic with extremely low thermal expansion [39]. The optical elements of
the interferometer were attached using hydroxide-catalysis bonding, that creates a connection with high mechanical strength and thermo-elastic stability [40]. This bonding
technology provides a layer thickness below 100 nm and has optical properties comparable to optical contact [41].
Despite the immense difference in arm length, the expected light levels on the photodetectors in LISA are comparable to GRACE Follow-On and future gravity missions, as LISA
incorporates a 30 cm telescope (common for transmitted and received beam) and imposes a more powerful laser system. The phase measurement accuracy in LISA, however,
has to be accurate down to the micro-cycle. Because of the stringent and challenging requirements, new concepts and technologies have been developed over the last decades
with a steady impact on GRACE Follow-On and GRACE Follow-On like mission studies.
Nevertheless, the coupling sensitivity from tilts of the spacecraft into the pathlength
measurement is an essential mechanism that affects both missions similarly due to significantly more eminent spacecraft jitter in a low-Earth orbit.
A unique feature of the LISA orbit is that the constellation maintains the shape of an equilateral triangle up to angular variations of about ±1° with a periodicity of one year. As this
frequency is well below the LISA frequency band, it does not directly affect the measurement but demands for an adequate pointing system. The currently selected baseline is
“telescope pointing” with the telescope, the optical bench, and the test mass forming a
single unit mounted on a hinge. An alternative approach to the movement of the entire
telescope and optical bench assembly is “in-field pointing”. A small pointing mechanism
in the pupil plane of the telescope compensates for angular variations of the laser beam
at the optical bench with a gradual beamwalk across the telescope optics [42]. A laboratory demonstrator is currently set up at Airbus in Friedrichshafen in order to investigate
picometer reproducibility. The examinations will quantitatively determine the impact of
curved optical surfaces in the measurement path and particularly their tilt-to-length coupling sensitivity. These results can then be applied to GRACE Follow-On like missions, e.g.,
in case a telescope might be combined with a retroreflector-based design or for an alternative optical layout such as the ones discussed in section 4.7.
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1.5 Thesis Objectives and Outline
The successful technology demonstration of the laser ranging instrument in GRACE Follow-On together with extensive LISA studies over more than two decades constitutes the
current state of the art of spaceborne inter-satellite displacement metrology. The intention behind the optical metrology terminal, the central topic of this thesis, is to develop a
more compact and flexible laser ranging interferometer for missions beyond GRACE Follow-On and gain an in-depth understanding of the highly critical tilt-to-length coupling
effects.
The DLR project "Optical Metrology Terminal" is carried out in a collaboration between
the University of Bremen and Airbus Defence and Space in Friedrichshafen. The experimental examination takes place in the Laboratory for Enabling Technologies (LET) at Airbus. The LET provides the infrastructure for high-precision laboratory setups and has a
long history in optical metrology and LISA related topics, as well as cooperation with universities and research institutions. The current range of parallel projects in the LET covers
amongst other things optical frequency references and clocks, optical surface measurements of a spherical proof mass, a LISA telescope and pointing architecture testbed, and
the development of µN-thrusters.
Tilt-to-length coupling is, in addition to laser frequency variations, one of the dominant
noise contributors for LISA and GRACE Follow-On like missions. All tilt-to-length effects
at unit or component level combined determine the as-built reference point of the entire
optical instrument. Ideally, the displacement measurement should be insensitive to rotations about this reference point. However, asymmetries in the coupling of horizontal and
vertical tilts (e.g., due to 45° plate beam splitters) but also a different beam routing in the
receive and transmit direction may cause this single reference point not to exist. Instead,
there is a separate point of minimal coupling for each parameter, and the overall goal is
to find the position about which the combined coupling becomes minimal. Onboard the
spacecraft, the reference point will be co-aligned with an accelerometer, while the residual lateral offset introduces further linear coupling. The same challenges also apply when
the instrument is installed into the verification setup, which is used to characterize the
optical instrument around the location of the as-built reference point. In order to obtain
representative results for the end-to-end performance, the tilt-to-length coupling effect
of the verification setup needs to be known with the same level of accuracy.
The optical metrology terminal disregards the restrictions of the LRI imposed by the
GRACE platform and aims to find a new instrument design solution for future missions,
while combining the benefits of an on-axis layout with the robust approach of a retroreflector. This thesis comprises all steps of the instrument development, including performance analysis, opto-mechanical instrument design, implementation on elegant
breadboard level, and verification in a dedicated test environment.
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The design process of the optical metrology terminal starts in Chapter 2 with an analytical retroreflector model that is successively enhanced by additional optical elements. The
new design principle bypasses the inherent geometric restrictions of a single retroreflector so that the beam offset becomes independent of the actual retroreflector size. The location of the fiducial point is freely adjustable and may be placed fully outside the physical
dimensions of the instrument. This degree of flexibility will facilitate the spacecraft accommodation of the optical metrology terminal in a future mission.
Detailed analysis of external and internal noise sources is vital in order to guarantee a
high level of displacement measurement accuracy and mitigate critical effects during instrument design. Chapter 3 gives analytical expressions and models for the most prominent factors, such as laser frequency noise, temperature effects, and in particular tilt-tolength coupling, in order to make the instrument robust against spacecraft jitter. While
this parametric analysis establishes the tradespace for numerous design decisions, an estimation of the in-orbit performance is given at the end of chapter 5.
A set of environmental specifications and performance requirements is derived from recent mission studies and real measurement data of comparable satellites. On this basis, in
Chapter 4, the architecture and design of the optical metrology terminal are refined to an
elegant breadboard level. The critical measurement path comprises merely flat optical
surfaces and defines the reference point located outside of the optical bench. An implemented transponder system enables spacecraft separation up to 300 km. A dedicated acquisition sensor may optionally shorten the time required for the initial link acquisition
as it reduces the concurrent parameter space of the pattern scan. The instrument design
concludes with a laboratory model of the optical metrology terminal with all components
integrated on a single Zerodur baseplate by adhesive bonding.
Experimental verification of the optical metrology terminal takes place in a dedicated test
setup with measurements of the long-term stability, tilt-to-length coupling, and initial signal acquisition. A detailed description of the verification setup and discussion of the measurement results is part of Chapter 5. In addition to the optical setup, which comprises a
flat-top laser beam generator, a beam-steering unit, and a reference interferometer, the
test setup involves a field-programmable gate array for digital signal processing in realtime. Implemented signal generators with advanced modulation capabilities allow for
phase-locking and intensity stabilization of the four involved laser beams. The multichannel phasemeter accepts up to six beat-notes that simultaneously arise at the photodetectors. Via closed-loop actuation of the incident beam and the steering mirror within
the optical metrology terminal, the laser link scans across the full field of regard. Limited
by fluctuations of the surrounding air, the applied 5 mrad wide scan pattern confirms a
pathlength deviation of merely 3.6 nm RMS compared to an ideal retroreflector and successfully verifies the tolerance of the optical metrology terminal against spacecraft jitter.
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2 Fiducial Point in a Retroreflector Assembly
Retroreflectors are widely used in the field of laser ranging due to their unique optical
property of reflecting an incident beam back to its source. Several types of retroreflectors
find use in optical metrology:
§
§
§

The hollow Corner Cube Retroreflector (CCR) comprises three mutually perpendicular arranged flat mirrors.
A trihedral (triple) prism relies on the reflection at three perpendicular surfaces
as well, but reflection takes place within an optical glass.
A cat's eye retroreflector combines two hemispheres with the first one creating a
lens effect of which the focus is located on the second hemisphere that is reflective.

In 1969 a retroreflector was placed on the moon by Apollo 11 in order to enable high precision optical ranging with measurements of the time-of-flight [43]. Today, many satellites
carry a retroreflector so that their orbit can be tracked from ground [6]. GRACE FollowOn is the first satellite mission using retroreflectors for satellite-to-satellite ranging based
on laser interferometry.
For the GRACE Follow-On mission, a hollow retroreflector was selected since it consists
merely of three flat mirrors without a glass passage. The (virtual) intersection point of the
mirror surfaces, i.e., the vertex, defines the fiducial point of the retroreflector. Rotations
of the retroreflector about its fiducial point are in first-order insensitive to the optical
pathlength and therefore imply the reference point for the ranging instrument. A design
driver of the LRI, and particularly of the TMA implementation, was the accommodation
into an existing spacecraft platform. With other components occupying the direct line-ofsight, the LRI necessitated a large beam offset in order to guide the beam around a propellant tank and the microwave antenna. As a side-effect, the TMA provides sufficient
clearance towards its fiducial point for co-alignment with an accelerometer at the spacecraft center of mass. Under ideal conditions, this makes the displacement measurement
system insensitive to spacecraft jitter.
The location of the fiducial point and clearance towards the actual laser path, however,
are geometrical properties of the retroreflector and closely related to the beam offset. In
the following sections, additional mirrors and beam splitters are introduced in order to
bypass this dependency through a virtual image of the retroreflector [11, 44]. Hence, the
external beam offset becomes independent of the actual retroreflector size, and the location of the fiducial point is freely adjustable. This degree of flexibility allows the optical
instrument to be tailored for a particular application.
19

Fiducial Point in a Retroreflector Assembly

2.1 Mathematical Retroreflector Model
The ideal retroreflector in Figure 2-1 reflects an incident light beam anti-parallel back to
its source, regardless of the angle of incidence. Thus, the direction of propagation of the
incident beam 𝐤 𝐢 is inverted
𝐤 𝐨 = −𝐤 𝐢 .
(2.1)
In the applied notation scheme, bold letters describe vectors in ℝ? while the length of the
direction vectors 𝐤 is normalized to 1. The spatial position of the incident and reflected
beams has a point-symmetric relationship concerning the retroreflector reference point
𝐱 𝐩𝐜 (phase center). Therefore, in this model, the incident beam propagates to an arbitrary
point 𝐱 𝟏 within the retroreflector, is then reflected at 𝐱 𝐩𝐜 , and propagation is resumed at
𝐱 𝟐 = 2𝐱 𝐩𝐜 − 𝐱 𝟏

(2.2)

in the opposite direction 𝐤 𝐨 .
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Figure 2-1 The Ideal retroreflector is defined by the location of its reference point 𝐱 𝐩𝐜 . The incident and the reflected beam have a point-symmetric
relationship.
Using Eq. (2.1) and (2.2), the total pathlength 𝑙 from starting point 𝐱 𝐢 to endpoint 𝐱 𝐨 can
be calculated as
𝑙 = (𝐱 𝟏 − 𝐱 𝐢 ) ⋅ 𝐤 𝐢 + (𝐱 𝟎 − 𝐱 𝟐 ) ⋅ 𝐤 𝐨
= 2h𝐱 𝐩𝐜 − 𝐱 𝐚 j ⋅ 𝐤 𝐢

(2.3)

= 2u𝐱 𝐩𝐜 − 𝐱 𝐚 u
which is twice the distance between 𝐱 𝐚 and the retroreflector reference point 𝐱 𝐩𝐜 with 𝐱 𝐚
being the central point between 𝐱 𝐢 and 𝐱 𝐨
𝐱𝐚 =

𝐱𝐢 + 𝐱𝐨
.
2

(2.4)

The total pathlength is independent of the lateral displacement of 𝐱 𝐢 and 𝐱 𝐨 since both 𝐱 𝐩𝐜
and 𝐱 𝐚 remain constant. The reference point location is the only parameter of the ideal
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retroreflector and fully characterizes its behavior. There is no tunable degree of freedom
left in order to decouple the reference point location from the physical envelope.

2.2 Parameter Tuning of an Equivalent Retroreflector
If a laser beam in a uniform medium is split into two beams by an ideal beam splitter, two
points on each beam axis with an equal pathlength to the beam splitter form a pair of
optical copies (P and P′ in Figure 2-2 (a)). The beams at P and P′ have the same beam profile, the same relative motion of the beam and due to the beam splitter, a constant phase
shift of 180°. With such a pair of points, a received laser beam can be evaluated at one
copy, and a new laser beam is launched at the other one, while from the outside both of
these actions seem to happen at the same point.
(a)

(b)

P‘
P

P=P‘

(c)

P=P‘
AbbeKoenig

Figure 2-2 An optical copy of a point P is a point P′ that (a) receives an
identical signal to P or can send a beam virtually originating at P. When P
and P′ are superimposed (b), and the beam is also reflected at the paper
plane (c) the optical system describes a retroreflector.
If the beam launched at P’ remains always anti-parallel to the incident beam, the system
is equivalent to a retroreflector. Figure 2-2 (b) depicts a situation where the positions of
both optical copies are put on top of each other using two mirrors. An incident laser beam
passes through the optical system like in a loop since the beam path is continued at the
optical copy. An in-plane tilt of the incident beam is reflected anti-parallel. The out-ofplane component of the beam direction, however, remains unaffected. In order for the
optical system to be a full-fledged 3D retroreflector, the out-of-plane component has to be
inverted at the point P′. This inversion is equivalent to a reflection at the drawing plane
and for example, can be implemented with an Abbe-Koenig prism2 (in the variant with a
flat mirror instead of a roof). The position of the mirror plane is determined by the arrangement of the three mirror surfaces, and the prism is not bound to the position of the
point P′, but can be moved arbitrarily in the plane (see Figure 2-2 (c)). Together with the
two upper mirrors, the Abbe-Koenig prism reproduces the functionality of an ordinary
retroreflector with a parallel beam offset. In this derivation, it is implicitly assumed that
the two mirrors that are part of the retroreflector are perpendicular to each other while
the beam splitter and the remaining mirror are parallel. Nevertheless, the additional out-

The Abbe-Koenig prism with a central flat mirror is symmetrically identical. The three out-of-plane reflections flip the image vertically without displacing the output beam relative to the input beam.
2
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of-plane deflection of the Abbe-Koenig prism causes the total pathlength to increase and
by that has an effect on the fiducial point. The analytical evaluation and calculation of the
reference point location in the following section are based on the ideal retroreflector
model (cf. section 2.1).
2.2.1 Retroreflector with two parallel folding mirrors
The point 𝐱 𝐜𝐫 (corner cube retroreflector) defines an ideal retroreflector. Since this is the
only free parameter, the fiducial point and the position of the retroreflector are physically
linked together. Supplementary optical components allow bypassing this limitation so
that the reference point location 𝐱 𝐩𝐜 of the retroreflector assembly and the beam offset
become independent of the actual retroreflector. The generic model for this analysis is a
retroreflector with two parallel folding mirrors in front of it (see Figure 2-3). The incident
and reflected beams encounter two separate folding mirrors M1 and M2 with the common
normal vector 𝐧. The equivalency of this configuration to an ordinary retroreflector is
demonstrated by comparing the angular properties and the pathlength to Eq. (2.1) and
(2.3), respectively.
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Figure 2-3 A retroreflector with two additional parallel mirrors provides the flexibility for moving the actual retroreflector 𝐱 𝐜𝐫 away from the
reference point 𝐱 𝐩𝐜 while the offset between the external beams is set independent of the retroreflector size.
The incident beam originates from the initial position 𝐱 𝐢 with the direction 𝐤 𝐢 . On the first
mirror, the beam is reflected at 𝐱 𝟏 towards the retroreflector with the propagation direction
𝐤 𝐦 = 𝐤 𝐢 − 2(𝐤 𝐢 ⋅ 𝐧)𝐧.
(2.5)
The retroreflector inverts the beam direction according to Eq. (2.1) until it is reflected on
the second folding mirror at 𝐱 𝟒 back to the source
𝐤 𝐨 = −𝐤 𝐦 − 2(𝐤 𝐦 ⋅ 𝐧)𝐧 = −𝐤 𝐢 ,
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which is anti-parallel to the incident beam and therefore, Eq. (2.1) is confirmed. The pathlength 𝑙!,I between 𝐱 𝟏 and 𝐱 𝟒 is calculated according to Eq. (2.3)
𝑙!,I = 2(𝐱 𝐜𝐫 − 𝐱 𝐛 ) ⋅ 𝐤 𝐦 = 2|𝐱 𝐜𝐫 − 𝐱 𝐛 |

(2.7)

with 𝐱 𝐛 being the central point between 𝐱 𝟏 and 𝐱 𝟒 . The pathlength between 𝐱 𝐢 and 𝐱 𝐨
furthermore includes the segments 𝑙*,! from 𝐱 𝐢 to 𝐱 𝟏 and 𝑙I,$ from 𝐱 𝟒 to 𝐱 𝐨
𝑙*,! + 𝑙I,$ = (𝐱 𝟏 − 𝐱 𝐢 ) ⋅ 𝐤 𝐢 + (𝐱 𝐨 − 𝐱 𝟒 ) ⋅ 𝐤 𝐨
= 2Z

𝐱𝟏 + 𝐱𝟒 𝐱𝐢 + 𝐱𝐨
−
[ ⋅ 𝐤𝐢
2
2

= 2(𝐱 𝐛 − 𝐱 𝐚 ) ⋅ 𝐤 𝐢

(2.8)

= 2|𝐱 𝐛 − 𝐱 𝐚 |,
which combined with Eq. (2.7) yields the total pathlength
𝑙 = 𝑙K,! + 𝑙!,I + 𝑙I,L
= 2(𝐱 𝐜𝐫 − 𝐱 𝐛 ) ⋅ 𝐤 𝐦 + 2(𝐱 𝐛 − 𝐱 𝐚 ) ⋅ 𝐤 𝐢
= 2 z {||||||}||||||~
𝐱 𝐜𝐫 − 2[(𝐱 𝐜𝐫 − 𝐱 𝐛 ) ⋅ 𝐧]𝐧 − 𝐱 𝐚 • ⋅ 𝐤 𝐢

(2.9)

𝐱 𝐩𝐜

= 2h𝐱 𝐩𝐜 − 𝐱 𝐚 j ⋅ 𝐤 𝐢
= 2u𝐱 𝐩𝐜 − 𝐱 𝐚 u.
A comparison between Eq. (2.9) and (2.3) indicates the reference point of the assembly
𝐱 𝐩𝐜 . The dot product including 𝐱 𝐛 is independent of the angle of incidence since 𝐱 𝐛 is always located on the central plane between the two mirrors and therefore replaced by
𝐱𝐛 ⋅ 𝐧 =

𝐱 𝐦𝟏 + 𝐱 𝐦𝟐
⋅𝐧
2

(2.10)

with 𝐱 𝐦𝟏 and 𝐱 𝐦𝟐 being two arbitrary points on the surface of M1 and M2, respectively.
Applying Eq. (2.10) to (2.9) reveals the reference point of the retroreflector assembly
𝐱 𝐩𝐜 = 𝐱 𝐜𝐫 − 2[(𝐱 𝐜𝐫 − 𝐱 𝐛 ) ⋅ 𝐧]𝐧
= 𝐱 𝐜𝐫 − 2 ÄZ𝐱 𝐜𝐫 −

𝐱 𝐦𝟏 + 𝐱 𝐦𝟐
[ ⋅ 𝐧Ç 𝐧
𝟐

(2.11)
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and does not depend on the actual beam path. The fiducial point of this assembly 𝐱 𝐩𝐜 is
equivalent to the retroreflector reference point 𝐱 𝐜𝐫 mirrored at the central plane between
M1 and M2. Lateral displacement of 𝐱 𝐢 and 𝐱 𝐨 , keeps the total pathlength unaffected, since
all of 𝐱 𝐜𝐫 , 𝐱 𝐚 , and 𝐱 𝐛 remain constant just as with the ordinary retroreflector. Consequently, the characteristic of this assembly is indistinguishable from a retroreflector located at 𝐱 𝐩𝐜 . The physical retroreflector position is now detached from the equivalent
virtual retroreflector, and also has an adjustable beam offset.
A few special cases of this generic retroreflector assembly are stated below. The most
basic implementation is depicted in Figure 2-4 (a). A single folding mirror in front of the
retroreflector decouples the location of the reference point from the actual retroreflector
position. In this trivial case, external beams will see the retroreflector in its mirrored position. Rotation of the mirror moves the reference point along the surface of a sphere, of
which a longitudinal translation of the mirror will change the radius. Thus, the actual size
of the retroreflector is also decoupled from the clearance around the reference point.
(a)

CCR

(b)

CCR

(c)

CCR

M
M
M
(d)
BS Beamsplitter
CCR Corner Cube Retrore1lector
M Mirror
Reference Point

M

BS
CCR

M
M

Figure 2-4 Design principle: virtual retroreflector. A single mirror can be
used in order to mirror the retroreflector position without affecting the reference point (a). With two parallel mirrors (b) the external beam offset can
be tuned independently from the retroreflector size and even become zero
(c) if the first mirror is replaced with a beam splitter. The deflection angles
may be chosen arbitrarily (d).
With two parallel mirrors (as in Figure 2-4 (b)), a variation in the distance between both
mirror surfaces allows to adjust the offset between the external beams and the beam offset at the retroreflector independently. The internal beam offset and size of the retroreflector may now be so small, that the beam has just enough clearance to the nearest mirror
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edges in order to maintain an excellent wavefront quality. Hence, the two mirrors can
make a small retroreflector behave like a larger one.
2.2.2 On-axis retroreflector
Instead of imitating a larger retroreflector, the configuration depicted in Figure 2-4 (c)
minimizes the external beam offset while the first mirror is replaced with a beam splitter.
As long as the incident beam points towards the reference point, the reflected beam is
anti-parallel co-aligned and both beams share the same line-of-sight. For a higher transmission efficiency and a better suppression of interference, polarizing optics can be used,
e.g., a polarizing beam splitter and a waveplate. Although this design describes an on-axis
system, the bi-axial beam guidance used internally allows to implement a transponder
scheme similar to the LRI (cf. section 1.2.1).
In contrast to the fiducial point of the equivalent retroreflector, the physical retroreflector
is not necessarily located in the middle of the beam path but can be placed also before or
behind the optical copy of the reference point. Variations of the angle of incidence, therefore, will cause a different beamwalk behavior across the optical components. This design
principle allows for arbitrary deflection angles of the folding mirrors (see Figure 2-4 (d)).

2.3 Glass Passage Compensation
In several applications, the use of a hollow retroreflector is beneficial, since the entire
optical path is inside air, and all adverse effects of the beam going through glass (e.g., dispersion, inhomogeneities, thermal expansion, d𝑛/d𝑇) are avoided. However, sometimes,
a substrate passage is unavoidable (beam splitter, waveplate) or simplifies the manufacturing process (retroreflector prism). As a result of the higher refractive index of the glass
component, there is an increase in optical pathlength versus geometrical pathlength and
the pivot point of a tilted beam moves along the optical axis. Without compensation, this
leads to a tilt-to-length effect, and the optical pathlength becomes sensitive to the angle of
incidence. An offset of the actual retroreflector location provides a compensation mechanism for the angular dependence.
In addition to an analytical approach, a 3D raytracing simulation environment has been
prepared in order to investigate the tilt-to-length coupling of individual components but
also to analyze the entire optical metrology terminal. The implementation in MATLAB offers 3D-plots and allows for seamless integration of the raytracing functionality into more
complex simulation scenarios. The raytracer requires three input parameters: a bounding
box, a list of components, and a list including all beam launchers. A more detailed explanation of the raytracing simulation features is given in Appendix B.
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2.3.1 Refraction at the glass interface
At the interface between a first medium with refractive index 𝑛! and a second medium
with refractive index 𝑛& , the propagation direction changes from 𝐤 𝐢 to 𝐤 𝐨 according to
Snell's law [22] (see Figure 2-5)
𝑛! sin 𝜃! = 𝑛& sin 𝜃& .

(2.12)
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Figure 2-5 Refraction at a glass/air interface alters the direction of propagation 𝐤 𝐢 of an incident beam to 𝐤 𝐨 as the refractive index of the medium
changes from 𝑛! to 𝑛& .
For the following considerations within a retroreflector assembly, Eq. (2.12) is rearranged into a more convenient form (see Appendix A)
𝑛!
𝑛& &
(𝐤
𝐤 𝐨 = Z [ Ñ𝐤 𝐢 − 𝐢 ⋅ 𝐧)𝐧 − 𝐧LZ [ + (𝐤 𝐢 ⋅ 𝐧)& − 1 Ö
𝑛&
𝑛!

(2.13)

where the normal vector 𝐧 defines the interface surface towards the first medium.
2.3.2 Longitudinal compensation of a perpendicular window
Figure 2-6 depicts a design with an ideal hollow retroreflector and a plane-parallel glass
window in front of it, which is traversed only by the incident beam. This, for instance,
could be a beam splitter cube with an edge length of 𝑏, refractive index 𝑛, and normal
vector 𝐧. First, it is assumed, that the nominal optical axis passes the window perpendicularly, in order to compare the optical pathlength without the window to a situation including a window compensated by a longitudinal offset ΔN for the retroreflector location
𝐱 𝐜𝐫 = 𝐱 𝐩𝐜 − ΔO 𝐧.
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Figure 2-6 A retroreflector with a glass window affects the position of the
reference point. For a nominal perpendicular incidence, the glass passage is
compensated with a longitudinal offset ΔN . If the window covers the incident
and the reflected beam, its effect is equivalent to a solid retroreflector prism.
Without the window, the pathlength of the incident beam up to a perpendicular plane
through the reference point 𝐱 𝐩𝐜 is
𝑙1 = h𝐱 𝐩𝐜 − 𝐱 𝟎 j ⋅ 𝐤 𝐢 .

(2.15)

Now, the window is included using (2.13) and the parameters that are mentioned beforehand. Due to the compensated retroreflector position, the pathlength of the reflected
beam is also increased by −ΔO (𝐤 𝐢 ⋅ 𝐧), which has to be taken into account for the comparison of the total optical pathlength
𝑙$P7 = h𝐱 𝐩𝐜 − 𝐱 𝟎 j ⋅ 𝐤 𝐢 + (𝑏 − 2ΔN )(𝐤 𝐢 ⋅ 𝐧) + 𝑏f𝑛& + (𝐤 𝐢 ⋅ 𝐧)& − 1

(2.16)

with Eq. (2.15) back to the same reference plane. The dot product between beam direction
𝐤 𝐢 and normal vector 𝐧 can be expressed in terms of the angle of incidence 𝜃
−(𝐤 𝐢 ⋅ 𝐧) = cos 𝜃,

(2.17)

which should ideally not affect the optical pathlength difference 𝑙$P7 − 𝑙1
d
cos 𝜃
!
h𝑙LQR − 𝑙1 j = sin 𝜃 Ä𝑏 Z1 −
[ − 2ΔN Ç = 0.
d𝜃
√𝑛& − sin& 𝜃

(2.18)

For small deviations around the nominal angle of incidence, this leads to
ΔN =

𝑏
cos 𝜃
1
T≈1 𝑏
Z1 −
[ ≈ Z1 − [.
2
2
𝑛
√𝑛& − sin& 𝜃

(2.19)
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If both incident and reflected beams pass through the glass window, the effective glass
thickness is 2𝑏. In this case, all pathlength variations are identical to a solid retroreflector
prism with distance 𝑏 between the front surface and vertex.
2.3.3 Compensation of a tilted glass window
In GRACE Follow-On, the retroreflector and the optical bench are built as two separate
entities and are compensated on a unit level. For this reason, the 45° plate beam splitter
on the optical bench is followed by a compensation plate (cf. section 1.2.1). Rather than
using additional components, the glass passage can be compensated with a deliberate lateral offset of the retroreflector. This approach is analyzed for various tilts of the beam and
of the transmissive element itself in order to minimize residuals that affect the displacement measurement.
A beam passing through a tilted plane-parallel window still remains parallel to the input
beam, but with a variable lateral offset Δ86,( (see Figure 2-7). In addition to the variation
of beam direction, the angle of incidence 𝜃, measured relative to the front surface of the
transmissive element, then also includes the static component tilt 𝛽. At normal incidence,
i.e., 𝜃 = 0, the higher refractive index of glass compared to the surrounding air leads to an
increase in optical pathlength Δ𝑙$P7 by 𝑛 − 1 times the glass thickness 𝑏. The presence of
a tilted window, however, alters the effective glass thickness dynamically. Hence, the optical pathlength increases by
Δ𝑙$P7 = 𝑏 àf𝑛& − sin& 𝜃 − cos 𝜃â

(2.20)

when measured between two planes perpendicular to the beam direction.
n

θ

n
∆beam

b

Figure 2-7 A tilted glass window with two plane-parallel faces maintains
parallel input and output beams while inducing a lateral beam offset Δ86,( .
Figure 2-8 (a) depicts the optical pathlength variation Δ𝑙$P7 as a function of 𝜃 for a component thickness of 𝑏 = 30 mm with refractive index 𝑛 = 1.45 (fused silica). The sensitivity is given by the derivative of Eq. (2.20)
d
cos 𝜃
Δ𝑙$P7 = 𝑏 Z1 −
[ sin 𝜃 = Δ86,( = 2Δ- ,
d𝜃
√𝑛& − sin& 𝜃
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Glass Passage Compensation

Pathlength variation [mm]

which is shown in Figure 2-8 (b) and besides is equivalent to the lateral beam offset Δ86,(
(apart from the imprecise unit conversion: mm/rad → mm).
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Figure 2-8 The optical pathlength due to a tilted glass window in the
beam path changes dynamically with the angle of incidence. (a) the window
causes an increased optical pathlength with a minimum at normal incidence.
(b) the angular derivative is equivalent to the lateral beam offset induced by
the window. The plots show values for a fused silica substrate with a thickness of 30 mm.
The lateral beam offset behind the tilted window leads to a coupling-effect similar to a
geometrical reference point offset (cf. section 3.3.1). Therefore, a lateral offset of the
retroreflector from its initial position can compensate for the dominant linear term. Since
the shifted retroreflector affects both the incident and reflected beam, a lateral offset of
Δ- = Δ86,( /2 is applied parallel to the beam offset. Consequently, the reflected beam is
located at the very same place as in the initial setup without the window.
This compensation scheme is now demonstrated by a raytracing simulation of the optical
system illustrated in Figure 2-9. It comprises a hollow corner cube retroreflector and a
𝑏 = 30 mm thick glass window tilted by an in-plane angle of 𝛽 = 3°.
The reference point of this system is supposed to be at 𝐱 𝐩𝐜 = [0,0,0]V . Without the glass
window, this apparently would be the location of the retroreflector as well. In the simulation, the starting point for the rays is a plane 200 mm apart from the reference point oriented perpendicular to the beam direction while including a lateral offset. The rays are
launched in multiple directions scanning a two-dimensional field of ± 20 mrad. The rays
first pass through the glass window, following the retroreflector, and then return to the
plane where they were launched. Excluding the window, all beams would hold a constant
total pathlength of twice the distance between this plane and the reference point. Therefore, 400 mm are subtracted from the simulated optical pathlengths in order to single out
the effect caused by the tilted window and its compensation mechanism.
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Figure 2-9 Retroreflector and tilted glass window for detailed evaluation
in a raytracing simulation. The effect of the glass window is compensated via
a lateral and longitudinal offset of the vertex of the hollow retroreflector so
that the reference point remains at 𝐱 𝐩𝐜 = [0,0,0]V .
Figure 2-10 (a) depicts the simulated optical pathlength variation as a function of the inplane angle 𝜃 and out-of-plane angle 𝜂, respectively. According to Eq. (2.20), the tilted
window increases the optical pathlength nominally by 13.513 mm with a fairly linear inplane slope. Following Eq. (2.21), the first compensation step involves a lateral retroreflector offset of Δ- = 0.244 mm towards the positive x-axis. This already considerably improves the angular sensitivity as can be seen in Figure 2-10 (b). It can be further reduced
with a longitudinal retroreflector offset (cf. section 2.3.2). Due to the tilt of the window,
however, the effective glass thickness is dynamically altered and for decent compensation
the nominal angle of incidence 𝜃 = 𝛽 is used in Eq. (2.19) for the calculation of ΔN , i.e.,
4.66 mm. Hence, the results depicted in Figure 2-10 (c) reveal a nominal pathlength increase, which is 2ΔN more than before, but the dynamic coupling effect is reduced by about
three orders of magnitude.
The residuals show a slightly different in-plane and out-of-plane behavior due to the inplane tilt of the window. The calculated offsets Δ- and ΔN , compensate for pathlength variations in a way that the gradient is zero for the nominal angle of incidence. Depending on
the field of view, slightly different offsets might provide better overall compensation.
The same approach remains valid for a single 45° beam splitter, but the remaining inplane/out-of-plane difference is even more distinct. In order to compensate for the tiltto-length effect of the 30 mm window tilted by 𝛽 = 45°, the retroreflector is shifted by
Δ- = 4.682 mm laterally and ΔO = 6.621 mm longitudinally. The result is shown in Figure 2-10 (d). The single window easily meets the GRACE Follow-On requirements of a
coupling factor below 200 nm/mrad over a 4.5 mrad wide field, however, not including
alignment tolerances between the instrument and the platform [21].
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Figure 2-10 Compensation of a tilted glass window (a) with 30 mm thickness and a 3° tilt involves (b) the reduction of linear effects via a lateral offset
of the retroreflector position and (c) a longitudinal offset for the approximately quadratic effects. (d) shows the residuals after compensating the
same window tilted by 45° instead.
Splitting the single 45° window in half and using the second part as a compensation plate
mitigates the lateral beam offset Δ86,( and therefore does not require a lateral shift of the
retroreflector position Δ- . A longitudinal offset ΔN of the actual retroreflector position,
however, is still beneficial. Nevertheless, this does not change the residual non-linear coupling effect as the compensation plate equally contributes to the different in-plane/outof-plane behavior by increasing the total glass thickness. An approximation that treats inplane tilts 𝜃 and out-of-plane tilts 𝜂 separately, gives the residual effect on the optical
pathlength
𝑏
àf2𝑛& + sin 2𝜃 − 1 + f2𝑛& − sin 2𝜃 − 1 − 2cos 𝜃â
{|||||||||||||||||}|||||||||||||||||~
√2
*+0P#,+6 7*#7

+ {||||||||||}||||||||||~
√2𝑏 àf2𝑛& − sin& 𝜂 − 1 − cos 𝜂â
Δ𝑙$P7 ≈

$X70$Y0P#,+6 7*#7

(2.22)

− √2𝑏f2𝑛&

−1
{|||}|||~

Z$+%7,+7 $YY%67 ,#'6,[\ *+Z#X[6[ ,8$]6 7^*Z6

1
+ 2𝑏 Z1 −
[ cos f𝜃 & + 𝜂&
&
{|||||||||}|||||||||~
√2𝑛 − 1
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for a 45° plane-parallel window with a compensation plate, each with thickness 𝑏, and a
longitudinal retroreflector offset ΔN = 𝑏h1 − 1/√2𝑛& − 1 j. The deviation from the accurate results depicted in Figure 2-10 (d) stays below 30 pm for the given parameters. Since
Δ𝑙$P7 quantifies the full round-trip pathlength variation within one spacecraft, the effective single-link displacement effect is smaller by a factor of 1/√2 for uncorrelated jitter of
the second spacecraft. As soon as there is a wedge in the glass substrate, the compensation
via the retroreflector position alone no longer works because of an additional beam angle
deviation. In place of a second also wedged compensation plate, however, even a simple
flat mirror is suitable for the angular correction.

2.4 Mitigation of tolerances
Manufacturing tolerances of the components and limited alignment accuracy during instrument assembly may lead to angular beam deviations and affect the overall instrument
performance. The following simulations assess how misaligned or wedged components
shift the reference point location of the retroreflector assembly and propose compensation schemes in order to keep the reflected beam anti-parallel to the incident beam.
This analysis refers to the model illustrated in Figure 2-11 comprising a retroreflector and
four extra components C1 to C4. The scenario is similar to section 2.3.3 with a nominal
reference point location at [0,0,0]V , incident beams at various angles of incidence, and a
lateral beam offset of 25 mm. For the simulation of optical pathlength variations, the rays
originate from a plane oriented perpendicular to the beam direction with a 200 mm separation from the reference point, propagate through the retroreflector assembly and return to this plane. Ideally, the pathlength would be consistently 400 mm.
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Figure 2-11 Alignment and component tolerances model for evaluation
in a raytracing simulation. The component C1 – either a mirror or a beam
splitter cube - is modeled with tolerances. Optical pathlength variations and
the angular beam deviation are analyzed for various angles of incidence.
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The component C1 can either be a mirror or a beam splitter cube in reflection and is modeled with tolerances. Induced angular deviations are compensated via the alignment of
the mirrors C2, C3, or C4. The mirror alignment is critical in order to not diminish the
specified retroreflector angle deviation. Moreover, the deviation of the retroreflector or
any other already installed components could even be corrected through precise alignment of the remaining elements compensating for previous tolerances. Still, not any arbitrary pair of mirrors in the optical setup is equally suitable for cross-compensation.
Perfect compensation of a misaligned mirror over the full field of view is only possible if
both mirrors form a periscope with two parallel mirror surfaces. In case there are folding
mirrors or even the retroreflector in between the two mirrors, they have to be parallel if
the intermediate beam path is completely unfolded. Otherwise, ideal compensation is only
valid for a single angle of incidence, and the deviation is increasing when scanning
through the field. Especially the out-of-plane component deviation is crucial since, for example, a 45° folding mirror C1, when slightly tilted vertically, causes a roll motion of the
beam, which induces a cross-coupling between tip and tilt. The parallel mirror C2 may
fully reverse this twist, maintaining an ideal retroreflector. Neither C3, C4, nor a combination of C3 and C4 can obtain the same effect.
A few specific examples below consider the compensation of in-plane and out-of-plane
component tilts of a mirror and a beam splitter cube as well as a wedged glass substrate.
The stated angles and offsets partly contain approximations of the trigonometric functions for small angles but allow to estimate the required alignment range for active compensation during instrument assembly. For this reason, all angles must be in radians.
In-plane tilt (𝜽) of mirror C1
An in-plane tilt of mirror C1 by the angle 𝜃 leads to an in-plane beam deviation of 2𝜃. For
the angular compensation, any of the following in-plane rotations are equally suitable
C2
or C3
or C4

In-plane
𝜃
−𝜃
𝜃

or a linear combination of it. The pathlength 𝑑 between C1 and the compensating component is the lever arm that leads to a lateral beam offset at the retroreflector and a deviation
of the total pathlength. Hence, the reference point of the retroreflector assembly is shifted
by half of the pathlength variation longitudinally and half of the beam offset laterally
Longitudinal offset

−𝑑 sin& 𝜃

Lateral (in-plane)

𝑑
sin 2𝜃
2
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Out-of-plane tilt (𝜼) of mirror C1
An out-of-plane tilt of mirror C1 by the angle 𝜂 leads to an out-of-plane beam deviation of
√2𝜂 and an in-plane beam deviation of approximately 𝜂& . Perfect angular compensation
is possible with C2 being parallel to C1
C2

In-plane
0

Out-of-plane
−𝜂

C3 and C4 may counterbalance the beam deviation for the nominal angle of incidence
C3
or C4

− sin& 𝜂
sin& 𝜂

−𝜂 cos & 𝜂
−𝜂 cos & 𝜂

but neither C3, C4, nor a combination of C3 and C4 can compensate the roll motion of the
beam behind C1. For 𝜂 = 1 mrad, a tilted input beam would cause a residual beam deviation of up to 14.1 µrad within a 5 mrad field of view. The pathlength 𝑑 between C1 and the
compensating component, ideally C2, leads to a reference point offset of
Longitudinal offset
Lateral (in-plane)
Lateral (out-of-plane)

𝑑
− sin& 𝜂
2
𝑑
− sin& 𝜂
2
𝑑
−
sin 2𝜂
2√2

In-plane tilt (𝜽) of beam splitter cube C1
An in-plane tilt of the beam splitter cube C1 by the angle 𝜃 leads to an in-plane beam deviation of 2𝜃. The angular compensation is identical to an in-plane tilt of mirror C1 since
this scenario is identical to a misaligned mirror C1 and an additional window in the beam
path, which is tilted as well. Due to the glass passage (cf. section 2.3.3), the reference point
of the retroreflector assembly is further shifted by the extra offsets ΔN and Δ- , which are
calculated according to Eq. (2.19) and (2.21), respectively
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Longitudinal offset

−𝑑 sin& 𝜃 − ΔN

Lateral (in-plane)

𝑑
sin 2𝜃 − Δ2

Mitigation of tolerances
Out-of-plane tilt (𝜼) of beam splitter cube C1
An out-of-plane tilt of the beam splitter cube C1 at the interface between the two prisms
by the angle 𝜂 leads to an out-of-plane beam deviation of √2𝜂 and an in-plane beam deviation of approximately 𝜂& . The angular compensation is identical to the out-of-plane tilt
of mirror C1 with the same limitations for C3 and C4. The pathlength 𝑑 between C1 and
the compensating component, ideally C2, leads to a reference point offset of
Longitudinal offset
Lateral (in-plane)
Lateral (out-of-plane)

𝑑
− sin& 𝜂 − ΔN
2
1
ΔN
− Z𝑑 − [ sin& 𝜂
2
2
Δ𝑑
−
sin 2𝜂
√2 2√2

In-plane wedge (𝜽) of beam splitter cube C1
Component tolerances of the beam splitter cube may lead to a deviation from the ideal
geometrical shape and thus to a wedged window in the unfolded beam layout. In this analysis, the cube has a nominal edge length of 𝑏 and the wedge angle 𝜃 appears on the side
of the beam splitter that is facing towards C2. A wedge on the front surface can be modeled
in combination with a component tilt. The in-plane wedge 𝜃 in the rear face of C1 leads to
an in-plane beam deviation of 𝛿 = 𝜃 − sin0! (𝑛 sin 𝜃). For the angular compensation, any
of the following in-plane rotations are equally suitable
C2
or C3
or C4

In-plane
𝛿/2
−𝛿/2
𝛿/2

or a linear combination of it. The wedge by itself does not directly induce variations into
the optical pathlength, but the angular beam deviation needs to be compensated and
causes a shift of the reference point location
Longitudinal offset

−ΔN

Lateral (in-plane)

1
𝑏
Z𝑑 − [ sin 𝛿
2
2

The distance(𝑑 − 𝑏/2) is the nominal pathlength between the back face of C1 and the
compensating component. ΔN is calculated according to Eq. (2.19).

35

Fiducial Point in a Retroreflector Assembly
Out-of-plane wedge (𝜼) of beam splitter cube C1
The beam deflection mechanism in this scenario is identical to the in-plane wedge of beam
splitter cube C1 since the glass interface is perpendicular to the nominal beam direction.
This time, however, the out-of-plane wedge 𝜂 leads to an out-of-plane beam deviation of
𝛿 = 𝜂 − sin0! (𝑛 sin 𝜂). In contrast to the previous two out-of-plane scenarios, the wedge
does not induce an in-plane tilt of the beam and no roll motion happens at C1. Therefore,
none of the components C2, C3, or C4 can compensate the angular deviation individually
for more than just a single angle of incidence. The compensation accuracy can be significantly increased if C2 only compensates for half of the deviation and the other half is split
between C3 and/or C4, e.g.,

C2
and C3
or C4

In-plane
− sin& (𝛿/2) /4

Out-of-plane
− sinh𝛿/√2j /2

sin& (𝛿/2) /4

− sinh𝛿/√2j /2

− sin& (𝛿/2) /4

− sinh𝛿/√2j /2

The in-plane tilt of the compensating components maintains the beam path on the nominal in-plane axis so that there is no lateral in-plane reference point offset.
Longitudinal offset
Lateral (out-of-plane)

−ΔN
1
𝑏
𝛿
ç Z𝑑K − [ sin
2
2
2
K

For the lateral out-of-plane offset, the distance from the rear face of C1 to each compensating component C𝑖 is included in the equation.
In general, the vast majority of tolerances can be compensated for with two mirrors that
are not parallel to each other, e.g., C2 and C3. The difficulty then is the determination of
the actual beam deviation of the retroreflector assembly for numerous angles of incidence. If the beam deviation can only be measured for a single angle of incidence during
instrument assembly, the last mirror that is integrated can still eliminate the error around
the given beam path but without any guarantee for the entire field of view. Therefore,
careful control of alignment and component tolerances of all the optical elements, especially in the out-of-plane direction, is crucial for the overall performance of the retroreflector assembly.
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3 Performance Analysis
In scientific satellite missions like GRACE Follow-On, LISA, or future gravity missions, the
laser interferometer is just one of many building blocks required to accomplish the overall
mission objectives. Performance requirements for the laser ranging interferometer are
compiled during the mission study and analysis, but detailed knowledge of the individual
performance-related effects is essential in order to identify critical aspects and improve
the optical instrument. Therefore, in this performance analysis, the models are kept very
general and parametric. Some aspects that are either considered noncritical or do not
drive the instrument design are omitted at first. The readout electronics, for example, involve the photodetector electronics, analog as well as digital signal processing, and various other sources that add noise to the measurement. On this matter, the entire detection
chain in GRACE Follow-On like missions is assumed to be shot noise limited and can benefit from LISA research [17, 18, 28]. Later in the design phase, when additional information on external influences such as spacecraft jitter, temperature stability, alignment
tolerances, spacecraft separation, and the laser system is available, the expected instrument performance can be assessed.
A summary of the assumptions taken for the development of the optical metrology terminal can be found in section 4.1 and an estimation of the in-orbit performance is given in
section 5.9. If one of the performance analyses refers to specific parameter values, these
are indicated in the text. In order to compare the performance impact of fundamentally
different noise sources, the following equations state the effect on the single-link displacement signal. The relevance of contributors is rated in consideration of a total sensing performance in the range of a few tens of nm/√Hz.
Most performance-critical effects are independent of an on-axis or off-axis architecture.
However, there are some effects not included in detail that would favor an on-axis implementation, e.g., the Sagnac effect that introduces a phase shift in a rotating interferometer
(pendulum orbit) if the laser beam surrounds an area greater than zero. When necessary,
an on-axis system could use a single telescope for the launched and received beams in
common in order to allow for a substantial increase in inter-spacecraft distance.
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3.1 Laser frequency noise
The optical instruments onboard the two spacecraft form an unequal armlength interferometer comparing the local laser beam of the master spacecraft with the beam sent to and
then received again from the remote spacecraft. As such, there is a time delay in the received beam and the displacement measurement 𝛿𝑙 becomes sensitive to relative laser
frequency noise 𝛿𝜈ê/𝜈 [18]
𝛿𝜈ê
(3.1)
𝛿𝑙ë#,%6' = Λ
𝜈
increasing linearly with the inter-spacecraft distance Λ. Currently available cavity-based
frequency references for spaceborne applications such as the GRACE Follow-On cavity
with a requirement of 𝛿𝜈ê ≈ 30 Hz/√Hz make this contribution with 23.4 nm/√Hz at Λ =
220 km a dominant ranging noise [16]. Laboratory and in-flight measurements have confirmed that such a requirement is fairly conservative and that the actual stability turned
out a lot better (cf. section 5.9). The development of alternative technologies for laser frequency stabilization in space such as spectroscopy in a molecular gas cell (e.g., iodine) and
fully stabilized frequency combs is ongoing but has not yet reached the performance level
or technological readiness as the optical cavity flying in GRACE Follow-On. Techniques
like arm locking and time-delayed interferometry that effectively suppress the influence
of laser frequency noise in the LISA context are not applicable to a single laser link since
the displacement information would be lost. In a much smaller constellation, however, the
same optical instrument is practically insensitive to laser frequency noise and could enable high precision formation flying. Such an application was studied in the context of Darwin, creating a large synthetic aperture telescope for the search of exoplanets, including
nulling interferometry for the suppression of dominant starlight [45]. Nevertheless, not
all of the other noise sources scale linearly with the spacecraft separation.

3.2 Temperature effects
Temperature variations within the optical instrument lead to thermal expansion of the
components, the baseplate, and its mounting support but also cause transmissive components to change their refractive index, and thus, the optical pathlength. Table 3-1 lists the
coefficient of thermal expansion (CTE) 𝛼 as well as the temperature sensitivity of the refractive index at a wavelength of 1064 nm for various materials [39, 46, 47, 48]. The total
figure of merit shows the combined effect in the case of transmissive elements.
Thermal expansion of the baseplate and its mounting support affects the longitudinal position of the reference point parallel to the measurement signal
𝛿𝑙ëZ76 = ç 𝑙K 𝛼K 𝛿𝑇î
K
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(3.2)

Tilt-to-length coupling
with an effective structure length 𝑙K and CTE 𝛼K for all used materials 𝑖. Within the measurement path, all components are assumed to be directly mounted onto a baseplate, so
that for example the surface of a flat mirror will not move due to a temperature variation
of the substrate but merely expand perpendicularly to the baseplate. For transmissive
components, however, thermal expansion immediately affects the optical pathlength
𝛿𝑙ë_#,%% = 𝑙K 𝛼K (𝑛K − 1)𝛿𝑇î + 𝑙K

d𝑛K
𝛿𝑇î
d𝑇

(3.3)

since its refractive index 𝑛K is higher than the surrounding air or vacuum and additionally
changes with temperature. For fused silica, the latter effect is more significant than thermal expansion, but it still may be the preferred material choice over BK7 in order to reduce CTE mismatch and thermal stress at the interface between the component and the
baseplate. Depending on temperature correlations between the instrument and its support structure, their combined effects may even be designed to cancel out if they act in
opposite directions.
Table 3-1 Thermal sensitivity of optical glass and structural materials
Material
Air
BK7
Fused Silica
Aluminum
Steel
Titanium
Invar
Zerodur

𝜶 (𝐊 0𝟏 )
7.1 ⋅ 100a
0.5 ⋅ 100a
22 ⋅ 100a
12 ⋅ 100a
8.6 ⋅ 100a
1.5 ⋅ 100a
≈ 100b

𝒏

𝐝𝒏/𝐝𝑻(𝑲0𝟏 )

Total (𝑲0𝟏 )

≈1
1.51
1.45

−0.95 ⋅ 100a
2.4 ⋅ 100a
9.4 ⋅ 100a

−0.95 ⋅ 100a
6 ⋅ 100a
9.6 ⋅ 100a

For structural materials parallel to the beam
direction the effect on the optical pathlength
is equivalent to the CTE

Since all these effects linearly depend on the temperature stability 𝛿𝑇î, their impact can be
further reduced by thermal shielding, active temperature control or subsequent compensation in digital signal processing. Expansion of the retroreflector with its reference point
above the baseplate causes a lateral offset, which can be interpreted as a temperaturedependent source for tilt-to-length coupling with a variable offset.

3.3 Tilt-to-length coupling
Tilt-to-length coupling comprises all effects that cause the displacement measurement
signal to be sensitive to the angle of incidence. In orbit, the instrument is affected by spacecraft attitude jitter resulting in beamwalk across the optical components. Typical tilt-tolength coupling sources include a geometrical reference point offset, glass passages, stray-

39

Performance Analysis
light, pointing errors, the far-field wavefront quality, and component/alignment tolerances, which are analyzed in the sections below. At the fiducial point of the optical instrument, the tilt-to-length effect becomes minimal, i.e., the first derivative of the pathlength
with respect to the angle of incidence is zero. Under the assumption of uncorrelated jitter
in tip/tilt that is independent among the two spacecraft, their combined contribution to
the single-link displacement noise is calculated as the Root Sum Squared (RSS).
3.3.1 Geometrical reference point offset
A geometrical offset between the spacecraft center of mass, i.e., the pivot for spacecraft
jitter, and the reference point of the instrument can be split into a longitudinal offset ΔN
and a lateral offset Δ- with respect to the nominal line-of-sight. While the dynamic effect
of thermal expansion is more critical longitudinally, tilt-to-length coupling caused by a
static offset is significantly more sensitive in the lateral direction, especially for an instrument with a small field of view. This effect is depicted in Figure 3-1 for incident light with
a flat wavefront, so that the linearized tilt-to-length coupling is given by
𝛿𝑙ë$YY%67 = 𝛿𝜃î

d
(Δ
sin 𝜃 + ΔN cos 𝜃)
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(3.4)

= 𝛿𝜃î (Δ- cos 𝜃 − ΔO sin 𝜃)
and depends on the actual angle of incidence 𝜃 and its in-band jitter 𝛿𝜃î. Hence, for small
values of 𝜃, the coupling factor is almost identical to the lateral reference point offset Δ- .
∆l
xcr

θ

∆x

∆z

Figure 3-1 Tilt-to-length: a geometrical offset of the reference point of
the optical instrument from the reference point of the measurement, i.e., the
spacecraft center of mass, causes a tilt of the spacecraft to couple into the
pathlength measurement signal. In the case of a constant offset, the lateral
component Δ- leads to a higher sensitivity than a longitudinal offset ΔN .
The reference point location of the optical instrument is affected by various factors that
could lead to a discrepancy between design and hardware. Therefore, the as-built reference point could be characterized before spacecraft integration so that Δ- and ΔN primarily comprise the reference point determination uncertainty, alignment tolerances for
platform mounting, ground to orbit effects, and long-term drifts.
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3.3.2 Glass passages
Beam splitters and windows in the measurement path increase the optical pathlength
while the effective glass thickness varies as a function of the angle of incidence. This inherent source of tilt-to-length coupling can compromise the overall instrument performance if not counterbalanced correctly. Section 2.3 and 2.4 describe the coupling
mechanisms as well as a compensation scheme for several scenarios. The residual linear
coupling will be discovered during measurements of the as-built reference point location
and, therefore, is already accounted for by the geometrical reference point offset.
In case of the front surface of the component being oriented perpendicularly to the nominal beam direction, the tilt-to-length effect is rotationally symmetric. According to section 2.3.2, a longitudinal offset of the retroreflector compensates the glass passage.
Combining Eq. (2.18) and (2.19) reveals the residual pathlength noise
𝛿𝑙ë_#,%% = 𝛿𝜃î

d
1
1
cos 𝜃
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𝑛 √𝑛& − sin& 𝜃

(3.5)

For a small field of view and reasonable total glass thickness 𝑏, this effect is well below
the nanometer scale, though the actual angle of incidence 𝜃 in Eq. (3.5) also needs to include alignment and component tolerances.
A 45° beam splitter with a compensation plate and a longitudinal retroreflector offset
causes a different in-plane and out-of-plane behavior due to the in-plane tilt of the window (cf. section 2.3.3). The residuals that cannot be compensated via a geometrical reference point offset are assessed based on a linear Taylor expansion of the derivative of
Eq. (2.22), which leads to a single link displacement noise of
1
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A fused silica plate beam splitter with 𝑏 = 1 cm glass thickness and a beam angle offset of
𝜃 = 4.5 mrad, 𝜂 = 0 mrad (GRACE Follow-On field of regard) would cause a pathlength
noise of 37 µm/rad ⋅ 𝛿𝜃î without longitudinal compensation or 9 µm/rad ⋅ 𝛿𝜃î with longitudinal compensation. If the actual tilt-to-length coupling factors could be estimated from
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flight data, e.g., via a dedicated calibration maneuver, this effect might be further reduced
using compensation in post-processing. Another option would be to determine the actual
beam angles 𝜃 and 𝜂 in flight, e.g., as measured by the steering mirror, and command the
AOCS such that both of them are minimized, reducing the overall tilt-to-length coupling
sensitivity.
3.3.3 Straylight
In an optical instrument, straylight comprises all undesired light signals that propagate
through the system and reach the detector. For the ranging instrument, in particular, relevant sources involve light emitted externally in the field of view, e.g., from stars (acquisition sensor), parasitic reflections from transmissive optical components, impure
polarization, and scattering in glass, at the baffle, and on structural elements.
The optical beat signal contains the displacement signal in its phase, so that the measuring
system is sensitive to all disturbances, which alter this phase. The amplitude of the sinusoidal beat signal is proportional to the amplitude of both laser beams (cf. Eq. (1.4)). When
a weak signal of the same frequency and arbitrary phase is added to a (normalized) sinusoidal signal, it induces a phase offset
(g≪!)

sin(2𝜋𝑓𝑡)
𝐴 sin(2𝜋𝑓𝑡 + 𝜙) ≈ sin û2𝜋𝑓𝑡 + 𝐴
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(3.7)
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where 𝜙 is the phase difference between the two signals and 𝐴 the amplitude ratio. This
effect is critical for ghost beams, which superimpose with the measurement beam and
arrive at a photodetector. Depending on the actual source of the ghost beam, external influences such as temperature fluctuations and spacecraft jitter may affect the phase difference substantially. Thus, it is crucial to sufficiently suppress its amplitude. At a laser
wavelength of 𝜆 = 1064 nm, a phase offset of 2𝜋 ⋅ 100? radians is equivalent to an optical
pathlength variation of roughly 1 nm. In order to maintain an error below that level for
arbitrary phase differences, the beam power ratio between the interfering ghost and the
primary signal at the detector has to be smaller than 𝐴& = 4 ⋅ 100c . This requirement
might be further relaxed if other measures are implemented, such as wedged components,
which lower the heterodyne efficiency of the ghost, and hence its impact at the beat frequency.
A plate beam splitter and a beam splitter cube show very different ghost beam characteristics. When combining two beams with a plate beam splitter, a single parasitic reflection
at the back face is enough to generate roughly parallel ghost beams (see Figure 3-2 (a)).
One of the ghosts contains the superimposed signal (light purple), the other one merely
one of the input beams (light blue). This difference could lead to a variable phase deviation among the two output ports of the beam splitter. The ghosts, however, have a lateral
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offset, which is particularly useful for fairly small beam diameters. Besides, a wedged substrate injects an angular offset, which might aid further suppression, e.g., with an aperture
in the focal plane of an imaging system.
The glass/air interfaces of a beam splitter cube are more or less perpendicularly oriented
to the beam direction (see Figure 3-2 (b)). The ghost arising from the entrance surface is
reflected back along the beam path (light blue and light red). It may become harmful when
there is another component parallel to the beam splitter cube, e.g., a second cube or a
waveplate. Since this requires at least two parasitic reflections, a conventional anti-reflective coating with a residual reflectivity of 𝑅 < 0.5 % keeps the phase offset slightly below
the 1 nm level from the example above (𝐴& = 𝑅& < 2.5 ⋅ 100c ). The ghost beams coming
from inside the cube involve the already superimposed signal. Nevertheless, here again,
it takes two parasitic reflections for the ghosts to affect an output port (very light purple).
(a)

(b)

Figure 3-2 Tilt-to-length: straylight caused by beam splitters due to parasitic reflections may overlap with the measurement beam and introduce
phase errors. When combining two beams (incidence from the right and
top), (a) parasitic reflections from the plate beam splitter immediately reach
both output ports (at the left and bottom), while (b) at least two successive
parasitic reflections are required for a beam splitter cube.
A balanced detection scheme with two photodetectors might further help to reduce the
effect of straylight emerging from parasitic reflections of the launched beam [49]. When
such ghosts superimpose with the received beam before the combining beam splitter,
both photodetectors notice the same phase shift instead of a 180° offset as it is the case
for real variations in the optical pathlength.
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3.3.4 Pointing deviation
Alignment tolerances within the optical instrument can lead to a deviation of the angle
between the incident and the transmitted laser beam. In this analysis, it is assumed that
the transmit beam has an ideal Gaussian profile and its waist 𝑤1 = 𝑤(𝑧 = 0) is located at
the reference point of the instrument. The effect of wavefront errors is addressed in section 3.3.5. The complex field amplitude of a paraxial Gaussian beam is given as [22]
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The phase of the Gaussian beam equals the argument of the amplitude field arg 𝐸(𝑟, 𝑧). A
pointing deviation 𝜃 will cause the beam and thus the wavefront to scan across the remote
spacecraft, introducing a phase offset of
Δ𝜙 = arg 𝐸(Λ sin 𝜃 , Λ cos 𝜃) − arg 𝐸(0, Λ)
≈

𝜋
𝜆

Λ
Λ &
1 + à𝑧 â
o

sin& 𝜃

(3.13)

as compared to perfect pointing 𝜃 = 0. At an extremely short spacecraft separation Λ below the Rayleigh range 𝑧s , Δ𝜙 increases proportionally to the distance due to the very flat
wavefront in close proximity to the waist. At very large distances, the wavefront has the
shape of a sphere, so that the phase error tends towards zero. This effect is depicted in
Figure 3-3 (a). For a dynamic ranging instrument this results in a displacement error
𝛿𝑙ëP$*+7*+_ = 𝛿𝜃î
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as soon as the inter-spacecraft distance 𝛿zê varies or if the pointing deviation 𝛿𝜃î does not
remain constant, e.g., due to residual jitter of the steering mirror. This effect is of particular concern at distances close to the Rayleigh range. Although the displacement measurement is barely affected for a separation similar to GRACE Follow-On, a pointing deviation
can lead to significant signal loss at the remote spacecraft (see Figure 3-3 (b)).
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Figure 3-3 Tilt-to-length: pointing deviations from the ideal line-of-sight
cause pathlength variations (a) especially at a distance close to the Rayleigh
range (𝑤1 = 2.5 mm, 𝑧o = 18.45 m). At larger distances, the tolerable pointing deviation is limited by the loss of received signal power (b).
3.3.5 Far-field wavefront error
The transmitted laser beam has to propagate a long distance through free space from one
spacecraft towards the other, which then evaluates the laser beam phase and wavefront
angle in the far-field. The diameter will significantly grow in size due to beam divergence,
and the wavefront converges into a large sphere. Wavefront errors of the launched beam
lead to a deviation from a perfect sphere in the far-field, and thus a coupling effect from
the beam pointing angle into the pathlength signal. For spacecraft pointing, the tilt-tolength noise would be correlated to other effects, such as a geometrical reference point
offset, since they have the same excitation source. If the transponder system comprises a
dedicated pointing mechanism, spacecraft jitter would not immediately affect the far-field
wavefront. However, residual pointing jitter, e.g., from a steering mirror, still causes the
beam to scan across the receiving aperture of the remote spacecraft.
45

Performance Analysis
The starting point for the analysis of this effect is a Gaussian beam (cf. Eq. (3.8)) in a circular clipping aperture. Then, a wavefront error is applied through randomly weighted
Zernike polynomials, a generic set of functions defined in a unit circle and often used to
describe aberrations in optical systems [50]. In Noll's notation, the polynomials have sequential indices and are normalized so that each coefficient produces the same RMS deviation. The polynomials 1 to 3 represent piston, tip, and tilt and are discarded in this
analysis since piston does not influence the wavefront slope in the far-field and tip/tilt is
treated as a pointing error. The used polynomials 4 to 11 cover defocus, astigmatism, and
several other higher order effects.
The Gaussian intensity distribution in the clipping aperture leads to a position dependent
weighting of the Zernike terms. For this reason, the amplitude of the Gaussian beam 𝐸 is
included in the RMS calculation of the wavefront error
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and the Zernike polynomials are applied with a radial scaling factor of 2𝑤1 . The weighting
towards the center of the aperture also causes higher order Zernike terms like a coma to
induce a wavefront tilt, i.e., an additional pointing error. Therefore, a plane is fitted to the
weighted near-field wavefront and is subtracted. For all wavefront errors that happen before the combining beam splitter, this step is equivalent to the co-alignment of the transmit beam to the received wavefront. The RMS wavefront error is matched to a specified
value ΔW'(% for a clipping aperture radius of 𝑟g = 2𝑤1 through scaling of the Zernike coefficients. As a consequence, clipping ratios 𝑟g /𝑤1 smaller than 2 improve the RMS wavefront error just like a clipping aperture behind a fiber launcher. A larger aperture has
practically no effect on the RMS wavefront error since the outer amplitude weighting of
the laser beam is too low. Figure 3-4 depicts (a) the amplitude and (b) phase profile of a
randomly generated launched beam with a ΔW'(% = 𝜆/20 wavefront error before the
clipping aperture.
Kirchhoff's diffraction formula gives the general calculation basis for the propagation of a
clipped beam. The Fraunhofer approximation for the diffraction pattern in the far-field
reduces the computation of the Kirchhoff integral to a Fourier transform [51]. For an aperture radius of 𝑟g = 4 mm and an inter-spacecraft distance of Λ = 50 km, this approximation introduces a small defocus term in the aperture plane with a maximum deviation
of 0.16 nm for points close to the edge of the aperture and gets even better for greater
distances. The size of the Fraunhofer diffraction pattern linearly scales with the spacecraft
separation, but when calculated as a function of the angle, it remains constant.
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Figure 3-4 (c) and (d) depict the amplitude and phase profile of the diffracted laser beam
in the observation sphere, respectively. The beam diameter and aperture size are based
on GRACE Follow-On (cf. section 1.2), and zero-padding is used for enhancing the image
resolution. The 𝜆/20 RMS wavefront error is, on average, slightly less stringent than the
GRACE Follow-On requirement of 𝜆/8 peak-valley [21]. Table 3-2 lists the parameters
used for this simulation.
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Figure 3-4 Diffraction simulation of the wavefront in the far-field shows
how (a) the amplitude and (b) phase profile of a randomly generated
launched laser beam (cf. Table 3-2) will change upon its arrival at the remote
spacecraft. While (c) the amplitude in the far-field to a large extend follows
the shape of a Gaussian, (d) the phase shows a plateau with an angular offset
relative to the nominal beam direction (0|0), indicated by the little red star.
Table 3-2 Parameters for far-field wavefront simulation
Parameter

Symbol

Beam waist
Aperture radius
Wavelength
Wavefront error

𝑤1
𝑟t
𝜆
ΔW'(%

Value Unit
2.5
4
1064
0.05

mm
mm
nm
𝜆
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The sensitivity of beam pointing variations to the displacement measurement signal due
to wavefront errors is derived from the gradient of the phase. The far-field wavefront is
evaluated within a radius of 20 µrad in order to quantify the tilt-to-length effect. Both, the
steepest (worst-case) slope and the RMS value of the gradient are calculated within this
region, which, combined with the residual pointing jitter 𝛿𝜃î, lead to an estimate of the
displacement noise
𝜆
(3.16)
𝛿𝑙ëu4v =
∇𝜙
𝛿𝜃î.
2𝜋 4,'0Y*6#[
The tilt-to-length effect caused by wavefront errors in the far-field can be reduced with
more consistent pointing 𝛿𝜃î or by in-orbit calibration of the wavefront gradient. While
the maximum far-field intensity remains close to the direction indicated by the launched
beam in the near-field, wavefront errors may cause an angular offset of the minimum
phase slope (see Figure 3-4 (c) and (d)). Figure 3-5 (a) depicts a close-up of the far-field
phase profile. Its gradient, which can be considered as the tilt-to-length coupling factor, is
shown in Figure 3-5 (b). In this particular case, a deliberate pointing offset of about
40 µrad could compensate for this coupling effect, having only a minor impact on the received beam power.
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Figure 3-5 Tilt-to-length evaluation of the far-field wavefront (a) shows
a close-up of the phase from Figure 3-4 (d), where (b) the gradient is calculated within a 20 µrad radius, indicating the sensitivity of the displacement
measurement to residual pointing jitter due to wavefront errors.
For statistical analysis of the coupling factor, a wide range of wavefront errors is analyzed
in a Monte Carlo simulation. The Monte Carlo method produces a new random set of Zernike coefficients for the far-field simulation following a normal distribution. An ensemble
with one thousand randomly generated wavefront errors is computed for the parameters
given in Table 3-2, and Figure 3-6 depicts the results as a histogram (bar plot) and cumulative probability function (solid lines). The RMS values of the gradient are almost entirely
located in the interval between 50 and 150 nm/mrad, and 99 % of the cases show a coupling below 155 nm/mrad.
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Figure 3-6 Tilt-to-length: far-field wavefront errors cause residual
pointing jitter to couple into the measurement signal. 1000 randomly generated wavefront errors have been computed in a Monte Carlo simulation
for the parameters in Table 3-2. The statistics of the RMS and worst-case
(i.e., steepest gradient) coupling factors are depicted as a cumulative probability function (solid lines, left axis) and as a histogram (bar plots, right axis).
The beam waist radius 𝑤1 and the clipping ratio 𝑟g /𝑤1 are now altered stepwise throughout several runs of the Monte Carlo simulation, each with an ensemble of 1000 wavefront
errors. For each waist size, a wavefront error of 𝜆/20 is applied with randomly generated
Zernike polynomials, normalized to a radius of 2𝑤1 . As a result, the RMS wavefront error
decreases for smaller clipping ratios and does not depend on the actual waist size. Table 3-3 lists the simulation results, where each of the indicated RMS tilt-to-length coupling
factors covers 99 % of the generated wavefront errors.
Table 3-3 Tilt-to-length: far-field wavefront error
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The tilt-to-length coupling is significantly reduced for launch beams, which have either a
small waist size or are heavily truncated by an aperture. The reason behind this is an increased beam divergence with smaller deviations from a spherical wavefront in the farfield, however, at the expense of a reduced intensity. For larger clipping ratios the aperture has practically no effect on the launch beam so that the tilt-to-length coupling remains asymptotically flat. Therefore, the model
z
𝑎𝑤1
CVVy,u4v = Z
[ nm/mrad
1 + 𝑏 exp(−𝑐 𝑟g /𝑤1 )

(3.17)

is fitted to the data points leading to the parameters listed in Table 3-4. This model is depicted in Figure 3-7 and deviates from the simulated sample points by an RMS value of
14 nm/mrad. When used with the GRACE Follow-On parameters (see Table 3-2), this
model produces a coupling factor of 152 nm/mrad, which very well agrees with the earlier simulated value of 155 nm/mrad.
Table 3-4 Parameters for far-field wavefront model
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Figure 3-7 Tilt-to-length: a model for the far-field wavefront error is
compiled from simulation results with various parameters for the clipping
ratio and the beam waist radius. The indicated RMS tilt-to-length coupling
factors cover 99 % of all randomly generated wavefront errors.
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3.3.6 Other alignment errors
Several other parameters, such as the alignment accuracy of the photodetectors or the
positioning of the clipping aperture around the local laser beam, also affect the tilt-tolength coupling factors. In the context of the LISA mission, both the static tolerances and
dynamic variations within and below the measurement band are highly critical. Since the
tilt-to-length ranging noise contribution is essentially the product of the coupling factors
and the residual instrument jitter relative to the line-of-sight, the coupling factor requirements have a similar magnitude (cf. section 1.4). However, three fundamental reasons are
causing these effects to play only a minor role in Earth observation gravity field missions:
§
§

§

The LISA telescope magnification effectively increases alignment tolerances on the
optical bench by more than two orders of magnitude.
A retroreflector-based layout provides significant common mode suppression for
elements outside the measurement path, e.g., the steering mirror and the pupil imaging system.
The high linearity of most coupling effects due to static misalignments allows them
to be covered by the as-built reference point of the instrument (cf. section 3.3.1).

A lateral offset of the photodetector relative to the laser beams, for example, leads to a tiltto-length coupling factor of 6.28 nm/mrad per µm offset (simulated for the instrument
parameters derived in chapter 4). With a static alignment tolerance in the order of some
tens of microns, this effect would cause a significant noise contribution if not included in
the 3D-measurement of the as-built reference point of the entire instrument. The residual
non-linear coupling effect is more than three orders of magnitude smaller and therefore
negligible for this application. Alignment variations as a result of ground-to-orbit effects
or in-orbit temperature variations must be either sufficiently small by design or calibrated
and compensated in post-processing. Environmental testing with realistic load-cases is
beyond the scope of this thesis and will be partially covered in a follow-up activity.

3.4 Polarization effects
Variations of the polarization state, e.g., due to spacecraft jitter, can have a significant impact on the beam power at the photodetector and its phase. Amongst other things, this
concerns the laser beam between the spacecraft as well as the mirror coating of the
retroreflector. Except for normal incidence, the reflection on a dielectric mirror usually
leads to a phase shift between parallel and perpendicular polarized fractions of the laser
beam. Both polarization states inevitably coincide in a hollow corner cube retroreflector
with three perpendicular mirrors. Variations of the angle of incidence at the instrument
level also affect the reflections within the retroreflector. If the reflected beam after the
retroreflector maintains a perfect linear polarization state, a 𝜆/2 waveplate allows compensation of the static polarization angle offset. At the next polarization-sensitive component, such as a polarizing beam splitter, a rotation of the linear polarization axis then leads
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to a reduced beam power at the output of the beam splitter but does not affect the phase
of the laser beam. If the reflected beam, however, is in an elliptical polarization state, it
comprises two perpendicularly polarized components with a relative phase shift of 90°.
The ellipticity 𝜒 is defined as the arctangent of the ratio between the minor axis and the
major axis of the ellipse and can take values between −45° and 45°. The transmitted beam
behind the polarizing beam splitter includes the geometric projection of both components
into parallel polarization. Thus, a rotation of the polarization state by an angle 𝜓 will have
an immediate effect on the beam phase
Δ𝜙P$# = atan(tan 𝜒 ⋅ tan 𝜓)

(3.18)

and highly depends on the ellipticity 𝜒 of the polarization state. Therefore, all mirror and
beam splitter coatings must be carefully selected, and also metal coatings have to be considered, which have a lower reflectivity but may affect polarization to a lower extent.
A similar approach applies to the polarization state between the spacecraft. If a linear polarization is used, the beat signal amplitude at the detectors is proportional to the cosine
of the relative roll angle and completely disappears for perpendicular orientation, but the
signal phase remains constant if decent filtering is provided. For circular polarization between the spacecraft, the received signal is independent of the spacecraft orientation.
However, since the tangent of the ellipticity in Eq. (3.18) is |tan 𝜒| = 1, the resulting phase
shift Δ𝜙 has the same magnitude as the roll angle 𝜓. In unidirectional ranging applications, such as satellite navigation, this effect is known as carrier phase wind-up [52].
Now it is assumed that the optical instrument uses linear polarization states internally.
The received and transmitted beam are perpendicularly polarized to each other, and they
have a well-known phase relation. A 𝜆/4 waveplate at the entrance of the instrument converts the beams to and from circular polarization, one of it left-handed, one of it righthanded. Hence, the rotation of the electric field vectors between the spacecraft has the
same sense for the received and transmitted beam but with the opposite direction of
propagation. As a consequence, the phase shift, which is picked up at the remote spacecraft due to a relative roll movement, is compensated on the way back. Furthermore, a
constant phase relation and inversion of handedness are properties of an ordinary mirror
that is aligned perpendicular to the laser beam, and as such, the bi-directional pathlength
measurement is insensitive to a relative roll angle. However, as a direct consequence, back
reflections of the transmitted beam at the outer face of the waveplate or other optical
components beyond the waveplate, e.g., a telescope, overlap with the received beam and
must be considered in the straylight analysis.
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In the context of GRACE Follow-On and future gravity missions, several instrument designs have been published, which use either a large retroreflector in a racetrack configuration [17, 18] or demand a sophisticated beam pointing system [32, 33]. The
retroreflector-based approach is by design insensitive to spacecraft jitter, and a bi-axial
implementation offers sufficient space for an accelerometer to be placed around the reference point. However, this clearance is geometrically coupled to the offset between the
incident and reflected beam and therefore defines a lower limit for the overall dimensions
of the retroreflector.
In an on-axis system, both laser beams are propagating directly along the line-of-sight,
requiring only one path from the instrument to the outside of the spacecraft. At very short
distances, including on-ground testing, two different on-axis instruments may establish a
laser link, whereas bi-axial instruments demand identical beam offsets and precise alignment of the roll axis. In the case of extensive spacecraft separation, the received and transmitted beam can share a common telescope in order to increase the signal power at the
receiving spacecraft. For an on-axis instrument, also the enclosed area between the laser
beams is zero, and thus it is insensitive to the Sagnac effect, particularly if the instrument
is used in Pendulum orbits with a rotating line-of-sight. So far, the most significant caveat
of on-axis designs has been the lack of a simple transponder scheme that does not directly
contribute to the measurement signal.
On the basis of the on-axis retroreflector assembly developed in chapter 2, the presented
optical metrology terminal combines both approaches into a new, improved design concept that associates the inherent beam tracking capabilities of a retroreflector with an onaxis configuration. Flexible tuning of the reference point location facilitates the accommodation of the instrument in a future mission. The optical metrology terminal differs in
many details significantly from the laser ranging interferometer in GRACE Follow-On.
Therefore, an experimental demonstration of the instrument performance shall prove
whether the theoretical accuracy is feasible or if any showstoppers can be identified.

4.1 Assumptions and Requirements
The optical metrology terminal is not specifically designed for a particular mission. Hence,
a set of performance goals is derived from former studies related to future gravity missions.
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Spacecraft separation
A broad operational range of the spacecraft separation from 50 km to 300 km enables
versatile constellations. A transponder system using a local laser source on each spacecraft should be part of the optical metrology terminal in order to keep the required laser
power at a moderate level.
Ranging accuracy
For the total measurement noise, a displacement error of 50 nm/√Hz is allocated. The
measurement band from 1 − 200 mHz is slightly extended as compared to GRACE FollowOn but not strictly limited. At very low frequencies, the measurement noise of the accelerometer dominates the overall measurement noise so that the ranging allocation is relaxed with the NGGM noise shape function (cf. section 1.3). At a spacecraft separation of
300 km, the effect of laser frequency noise on the ranging accuracy becomes significant.
The laser frequency stability requirement used in GRACE Follow-On of 30 Hz/√Hz leads
to an error contribution of 32 nm/√Hz (cf. section 3.1). Therefore, the optical metrology
terminal itself and all other effects combined, with the exception of laser frequency noise,
must not contribute more than that.
Spacecraft jitter
A field of regard of 5 mrad allows for small pointing deviations caused by the spacecraft
attitude control system and sets only moderate tolerances for the co-alignment of the optical metrology terminal to the spacecraft reference frame. The instrument shall tolerate
in-band spacecraft jitter of up to 100 µrad/√Hz. This jitter allocation is about a factor of
two more stringent than in-flight data of GRACE (absolute tilt below ±4 mrad), a platform
that was built almost 20 years ago. In a contemporary mission, the platform will not only
provide more modern gyroscopes and star cameras, but it might even be possible to use
the optical metrology terminal as a sensor. However, this conservative allocation does not
imply such high risks like recent studies that require spacecraft jitter in a low-Earth orbit
below 10 µrad/√Hz [32] or even 2 µrad/√Hz for direct spacecraft pointing [33]. Pointing
with a fast steering mirror involves only a light movable mass enabling a large control
bandwidth with minimal impact on the spacecraft and other instruments.
Temperature stability
In addition to spacecraft jitter, the measurement system will be affected by temperature
fluctuations causing thermal expansion of the optical instrument and structural elements
that connect it to the platform. In a low-Earth orbit, the instrument can be maintained at
room temperature, i.e., in a window of 10℃ to 30℃. Flight data of GOCE reach temperature stabilities of 4 mK/√Hz, and the e& .motion study sets a requirement for 10 mK/√Hz.
Therefore, in a future mission, stabilities of 4 mK/√Hz seem to be feasible, although
through appropriate instrument design and low CTE materials not necessary.
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Geometrical properties
Assuming the accelerometer is a cube-shaped box with an edge length of 20 cm plus some
margin for structural components, the clearance around the reference point needs to be
at least ±15 cm. The overall dimensions of the optical bench assembly should be compact
with the goal to fit in a box of size 40 × 30 × 15 cm? .
The performance specifications and environmental effects are summarized in Table 4-1.
As an optional feature, an acquisition sensor can be used in order to minimize the amount
of time required to establish the laser link.
Table 4-1 Performance specifications and external influences
Parameter
Spacecraft separation
Ranging accuracy
Measurement band
Laser wavelength
Frequency stability
Field of regard
Spacecraft attitude jitter
Beam deviation
Temperature range
Temperature stability
Reference point clearance
Maximum dimensions

Value Unit
50 − 300 km
50 nm/√Hz
1 − 200 mHz
1064 nm
30 Hz/√Hz
5 mrad
100 µrad/√Hz
50 µrad
10 − 30 ℃
4 mK/√Hz
> 15 cm
40 × 30 × 15 cm?

4.2 Critical Measurement Path
For the given set of specifications and requirements, an optical metrology terminal is presented for potential use in a future gravity mission, comprising a compact corner cube
retroreflector, a two-dimensional steering mirror, polarization dependent beam separation, a magnifying pupil imaging system, and an (optional) acquisition sensor [11, 53]. The
optical instrument design is depicted in Figure 4-1. The line-of-sight is oriented perpendicular to the paper plane, and the received beam from the remote spacecraft (colored in
red) is arriving close to the center of the baseplate at M1. The reference point is located
on the line-of-sight underneath the paper plane. The beams between the two spacecraft
have a circular polarization state. On the entrance of the instrument, the received and the
transmitted beam pass through a 𝜆/4 waveplate above M1 for conversion to and from
linear polarization. M1 is a 45° flat folding mirror that reflects the beams into the paper
plane. At the polarizing beam splitter PBS1, the polarization state of the received and the
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transmitted beams is perpendicularly and parallel to the baseplate, respectively. The received beam is reflected towards mirror M2, and the beam splitter BS, which has high
reflectivity, letting just a small portion of the light pass to the acquisition sensor on the
right side of the instrument. The aperture A1 is located at half of the roundtrip pathlength
except for the glass passage through PBS2 and represents the optical copy of the reference
point. The aperture does not need to be physically placed into the instrument. At PBS2
beam regeneration takes place, and the beam from a local laser (blue) continues the critical measurement path parallel to the received beam through a small corner cube retroreflector CCR. In front of PBS1, a 𝜆/2 waveplate rotates the polarization axis to a parallel
state, while also compensating for any static polarization offset caused by the retroreflector. Finally, the transmitted beam leaves the instrument via M1 and the 𝜆/4 waveplate
towards the remote spacecraft.

SM

BS A4 L4
M5

FC
A1

L5
M3

L1
CCR

PBS1

QPD1

PBS3
M4

CCD

M1

A3 L3

[mm]

Figure 4-1 The optical design of the optical metrology terminal includes
a retroreflector (CCR), polarizing beam splitter cubes (PBS), flat mirrors (M),
a beam splitter (BS), waveplates (𝜆/2, 𝜆/4), apertures (A), a fiber coupler
(FC), a two-dimensional steering mirror (SM), lenses (L), quadrant photodetectors (QPD), and a matrix sensor (CCD). The line-of-sight of this on-axis
design is perpendicular to the paper plane and goes through the center of
M1. The reference point is located 300 mm below the baseplate. The received beam is shown in red, the launched beam in blue.
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Flat surfaces in the critical measurement path
The received power could be significantly improved with a telescope since it would simultaneously affect the divergence of the transmitted beam and collect a larger area of the
received beam. However, a telescope would also introduce curved surfaces to the critical
measurement path. In orbit, the instrument is affected by spacecraft jitter, causing the
laser beams to scan across the optical surfaces. Due to the double pass configuration, imperfections within the telescope do not compensate but affect the measurement signal
twice. Since GRACE Follow-On demonstrated that a beam diameter of 2𝑤1 = 5 mm leads
to feasible signal levels even without a telescope, the measurement path contains merely
flat surfaces by design in order to preserve an excellent wavefront quality. The beam diameter is a compromise between received signal power and the required clear aperture
size of all optical components for which 𝑤1 = 2.5 mm is maintained.
Compact corner cube retroreflector
The external beams are propagating directly on the line-of-sight (on-axis), whereas a biaxial configuration is used inside the instrument. The internal beam offset at the retroreflector allows maintaining an excellent wavefront quality as long as the entire profile is
reflected at once and does not hit the edge between two adjacent mirrors. While the beam
profile from the local laser source is small and well-known, the entrance aperture shapes
the received beam to a flat-top. The size of the following optical components needs to be
large enough in order to minimize further diffraction artifacts. For that purpose, it is beneficial to have the local beam going through the retroreflector instead of the received
beam. Since the overall dimensions of the retroreflector strongly depend on the internal
beam offset, a smaller offset is preferred.
The pivot of the local laser beam is the surface of the steering mirror. Due to the longitudinal distance to the vertex of the retroreflector, variations of the beam angle cause
beamwalk across its mirrors in the order of ±1 mm (field of regard times pathlength to
the steering mirror). This effect is taken into account with a clear aperture radius around
the beam axis of 𝑟 = 3𝑤1 + 3.5 mm = 11 mm, which also allows for some alignment and
coating tolerances without clipping the beam.
When mounting the retroreflector to a baseplate, the vertex must match the nominal
beam height in order to maintain the same height after reflection. Due to the symmetric
relationship of the incident and reflected beam position with respect to this reference
point, the lateral displacement towards the beam center 𝑑86,( also determines the lateral
beam offset of 2𝑑86,( . The decision, whether a beam offset suits the specified free aperture or is too small, is based on the minimum distance between the laser beam and the
nearest mirror edge. Figure 4-2 (a) depicts the contact surfaces between the beam and
the mirrors of the retroreflector. The beam axis is parallel to the space diagonal of the
corner cube. The orientation of the corner cube about the space diagonal, which gives the
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Figure 4-3 The clearance to the nearest mirror edge in a retroreflector
depends on the orientation of the space diagonal. In case of a horizontal
space diagonal, the clearance and the angle of incidence is identical for all
three mirrors. The curves are calculated for a beam offset of 2𝑑86,( =
45 mm and a radius 𝑟 = 11 mm.
4.2.1 Reference point location
Not considering any transmissions through glass, the optical copy A1 of the reference
point is in the middle of the geometrical roundtrip pathlength, while the reference point
of the instrument is located on its line-of-sight the same distance below M1. However, the
glass thickness of PBS1 and PBS2 must be taken into account for the calculation of the
actual reference point location. PBS1 equally affects both beams and therefore introduces
a longitudinal offset to the reference point compared to the geometrical pathlength according to Eq. (2.19), which makes the distance between M1 and the reference point
shorter by two times Δ{ . Within the measurement path, PBS2 is only part of the second
half behind the optical copy of the reference point and must be compensated with an increased pathlength between A1 and PBS1, i.e., an offset of the retroreflector by Δ{ assuming that PBS1 and PBS2 have the same size.
The instrument design provides high flexibility regarding the location of the reference
point, facilitating spacecraft accommodation in a future mission. The reference point location can be tuned if the same amount of pathlength is added or removed from the measurement path before and after A1.
The design allows all components of the critical measurement path to be integrated onto
a single baseplate. The reference point in Figure 4-1 is located 300 mm below the top surface of the baseplate on the line-of-sight that goes through the center of M1. The beam
splitter cubes have a size of 30 mm, and the nominal beam height is 15 mm above the
baseplate.
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4.2.2 Integration technology and materials
During measurements, the instrument will be affected by temperature variations causing
thermal expansion and changes of the refractive index. The total measurement path inside
the optical metrology terminal has a length of 75.8 cm while the expected temperature
stability is 4 mK/√Hz (see Table 4-1). The baseplate material must have a CTE in the
range of 100a K 0! or below in order to keep the in-band stability at only a few nanometers. Since this value is barely achievable with metal, a Zerodur baseplate is used. Zerodur
is a glass ceramic with an extremely low thermal expansion (cf. section 3.2) so that a high
thermo-elastic stability of the optical bench can be achieved.
In the recent past, a new integration method has evolved for spaceborne laser instruments attaching all optical components directly onto a Zerodur baseplate, which is used
and flight-proven, e.g., in LISA Pathfinder (cf. section 1.4). The thickness of the hydroxide
catalysis bonding layer between the baseplate and the components is so thin that the result is a quasi-monolithic glass structure [40, 41]. Hence, a CTE mismatch between the
components and the baseplate is hardly compensated, and suitable material pairs must
be used in order to keep thermal stress at a minimum.
Reflective components like the mirrors and the retroreflector require no passage through
the glass so that, in principle, Zerodur substrates could be used. The beam splitters, however, are also affected by transmission losses and variations of the refractive index. The
internal transmittance of a single 25 mm thick Zerodur window at 𝜆 = 1064 nm is only
about 90 %, not including Fresnel reflection losses [39]. The CTE of fused silica is fairly
close to Zerodur but its sensitivity to temperature-induced variations of the refractive index exceeds that of other optical glasses (cf. section 3.2). Although the overall pathlength
stability with BK7 would be better than with fused silica, it has a dramatically higher CTE
than Zerodur. According to Table 4-1, the instrument is intended for a 20 K temperature
range. The differential thermal expansion of a 5 cm long mirror is 0.5 µm for fused silica
and 7.1 µm for BK7 compared to the Zerodur baseplate. Therefore, fused silica is selected
for the beam splitters in the optical metrology terminal and also for the mirrors. Fused
silica and Zerodur were also used for the optical bench in LISA Pathfinder, providing a
high technology readiness level for this material combination in space.
In the Laboratory for Enabling Technologies at Airbus Friedrichshafen, an adhesive bonding technique of glass and metal parts to a Zerodur baseplate was examined and used as
an alternative to hydroxide catalysis bonding including environmental tests [54]. On a
glass/glass interface with a bonding layer thickness of less than a few tens of microns,
thermal expansion of the adhesive barely affects the component alignment. On a
glass/metal interface, a thicker bonding layer of about 0.1 − 0.2 mm provides a compensation mechanism for CTE mismatch and reduces thermal stress in the baseplate.
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Other components that are not within the critical measurement path are less sensitive to
thermal effects due to a high level of common mode suppression. Therefore, components
that require higher alignment flexibility are made of metal having one part of the mount
bonded to the baseplate and a screw interface with shimming capabilities for precise
alignment.
4.2.3 Mounting scheme
The location of the virtual reference point of the optical metrology terminal is 300 mm
below the top surface of the baseplate. Through careful selection of materials, high
thermo-elastic stability can be established so that the reference point location remains
stable with respect to the baseplate. Thermal expansion of structural components that
should keep the reference point aligned to the spacecraft center of mass, however, directly
contributes to the displacement measurement and therefore belongs to the critical measurement path. For this reason, the optical instrument, the accelerometer, and the platform
ideally are designed as one entity.
A typical material for structural elements of a spacecraft is carbon fiber reinforced polymer (CFRP). It is a strong yet lightweight plastic which is highly anisotropic due to discrete
layers of fibers with various orientations. As a result, the CTE may be different from one
direction to another and is expected to be in the 100a K 0! regime for a quasi-isotropic
layer structure [29, 27]. In the laboratory test setup, a steel frame on the optical table
substitutes the platform for the optical metrology terminal demanding a flexible mounting concept.
In order to overcome the CTE mismatch between the Zerodur baseplate and the platform,
an isostatic mounting concept is used. Three kinematic feet are arranged uniformly
around the central point of the baseplate and are bonded to the edges, see Figure 4-4. Each
kinematic mount has the same radial distance to the central point and is oriented perpendicular to this direction. Three spring elements within each mount allow for small tilts in
pitch and roll as well as a parallel motion towards the central point. Hence the system is
statically determinate with a kinematic coupling that prevents lateral motion of the central point. The feet have a height of 40 mm parallel to the measurement path and are made
of Invar as the metal with the lowest thermal expansion in order to minimize longitudinal
motion. A thermo-elastically induced lateral motion of the reference point is a direct
source for tilt-to-length coupling noise, which is proportional to the sine of the angle of
incidence. As long as the reference point is nominally aligned to the accelerometer, an
offset between the central point of the baseplate and the line-of-sight is tolerable, since
the thermal expansion of Zerodur is sufficiently low and the lateral offset does not require
a stability down to the nanometer level.
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R=170 mm

Figure 4-4 The isostatic mounting concept of the optical metrology terminal comprises three kinematic Invar mounts that are uniformly and equidistantly arranged around the central point of the baseplate avoiding lateral
motion in case of thermal expansion of the platform.

4.3 Transponder System
The optical metrology terminal accommodates a transponder system, which regenerates
the laser beam before it is sent back through the retroreflector. Instead of the weak received beam that is clipped at the entrance aperture of the instrument, the outgoing beam
can utilize the full power of a new local laser source. In this way, the far-field attenuation
affects each single-link separately and enables measurements over long distances with
moderate laser power.
4.3.1 Beam regeneration scheme
The functionality of the implemented transponder system is similar to the optical bench
in GRACE Follow-On (cf. section 1.2.1), but the optical metrology terminal uses polarization optics and beam splitter cubes. The beam regeneration takes place at PBS2, where
the received beam is reflected towards the photodetectors and superimposed with a small
sample of the local beam. The major part of the local laser beam continues the critical
measurement path. The transponder system comprises a fiber coupler (FC), a 2-dimensional fast steering mirror (SM), two 𝜆/2 waveplates, two polarizing beam splitter cubes
(PBS2, PBS3), a lens system (L1-L3), two straylight apertures (A2, A3), and the quadrant
photodetectors (QPD1, QPD2). Since the beam regeneration breaks the fixed phase relation between the received and reflected beam of a passive retroreflector, their relative
phase must either be measured or locked.
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After propagation through free space, the irradiance of the laser beam at the remote
spacecraft still follows a Gaussian intensity distribution. However, as a result of the long
distance and beam divergence, its waist size is significantly larger than the entrance aperture. Under the assumption that the small section of the received beam that enters the
instrument has a uniform intensity and a flat wavefront, beam regeneration can take place
at any point within the instrument. A longitudinal offset from the reference point will
merely introduce a small lateral beam offset that depends on the angle of incidence. For a
nominal beam offset of about 60 cm like in GRACE Follow-On, little beamwalk of a few
millimeters can easily be accounted for with a slightly increased clear aperture of the
retroreflector. In an on-axis system like the optical metrology terminal, it is possible (although not necessary) to avoid a beam offset altogether by having the steering mirror located in an optical copy of the reference point. Therefore, the steering mirror is placed at
the same distance to PBS2 as A1, and the regeneration (including the measurement) takes
place at the reference point.
PBS2 is a polarizing beam splitter and reflects all of the received signal power to the photodetectors. With the 𝜆/2 waveplate between the steering mirror and PBS2, the power
split ratio for the local beam is adjustable. Directly after PBS2 towards the photodetectors,
however, the two beams have perpendicular polarization states. A second 𝜆/2 waveplate
with its slow axis oriented at 22.5° turns the polarization direction to ±45° so that interference between the received and local beam is established behind PBS3 generating two
redundant output beams. With both photodetectors operating simultaneously, the balanced detection effectively suppresses straylight effects caused by the external 𝜆/4 waveplate.
4.3.2 Pupil imaging lens system
The steering mirror and the reference point plane A1 are simultaneously imaged onto the
photodetectors in order to avoid beamwalk across the active area. The magnification of
the pupil imaging lens system has a significant impact on the received signal power. The
weak received flat-top beam with the intensity 𝐼s| is superimposed with the local Gaussian beam, which has its waist with radius 𝑤1 = 2.5 mm located on the steering mirror and
an optical power 𝑃y} .
The magnification of the imaging system is optimized in terms of signal-to-noise ratio
(SNR) assuming a shot noise limited detection due to a much higher power of the local
beam 𝑃y} . The shot noise contribution 𝑁 = 2𝑞𝐼𝐵 arises from the discretization of the electric current 𝐼 into electron charges 𝑞 [22]. The SNR
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is proportional to the product of the heterodyne efficiency 𝜂567 and the flat-top signal
power on the photodetector 𝑃s| since the quantum efficiency 𝜂~ , Planck’s constant ℎ, the
laser frequency 𝜈, and the bandwidth 𝐵 are independent of the magnification factor.
In the instrument design, there are no magnifying components before the superposition
of the two laser beams; therefore, a larger Gaussian beam size increases the overlap and
thus the heterodyne signal power. The maximum beam size, however, is limited by the
required size for the optical components in the system (cf. section 4.1).
The diameter of the photodetectors is closely related to their frequency response due to
the capacitance of the sensor area, demanding a reasonably small size. Hence the quadrant photodetectors QPD1 and QPD2 have a diameter of 1 mm and a 20 µm slit width
amongst the different segments. At the entrance pupil of the imaging system, their equivalent size scales with the inverse magnification 1/𝑀. The optical signal power of the flatÄ
top beam at one photodetector 𝑃s|
is the integral of the constant intensity 𝐼s| over the
Ä
equivalent photodetector area 𝐴ÅÇÉ . The intensity of the received beam is proportional to
∗
∗
the absolute square of its complex field 𝐼s| = 1/2 𝑐𝑛𝜖1 𝐸s| 𝐸s|
∝ 𝐸s| 𝐸s|
, with 𝑐 being the
speed of light in vacuum, 𝑛 the refractive index, and 𝜖1 the vacuum permittivity.

The heterodyne efficiency 𝜂567 indicates the amount that contributes to the beat signal
generation. The peak optical power at the heterodyne frequency is given by the inner
product of the complex field amplitudes of the received beam 𝐸s| and the complex conju∗
gate of the local oscillator 𝐸y}
𝑃…567 = 𝑐𝜖1 M

g2/01

∗
𝐸s| 𝐸y}
d𝐴

(4.4)

and thus, in addition to the optical beam power, heavily depends on their wavefront correlation. Normalization with the individual signal power levels inside the active area of
the photodetector leads to the heterodyne efficiency
𝜂567 =

&
𝑃…567
Ä
Ä .
4𝑃s|
𝑃y}

(4.5)

The heterodyne efficiency and the normalized received beam power on the detector for
perfectly co-aligned beams are depicted in Figure 4-5 (a) as a function of the magnification factor. Starting at a magnification factor of one, the SNR increases with higher beam
compression up to a broad maximum at 𝑀 = 1/12. This effect is due to a larger area collecting light of the received laser beam. Larger compression ratios gradually reduce the
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SNR because of the insensitive slits between the segments of the QPD, leading to a reduction of heterodyne efficiency and local oscillator power. Figure 4-5 (b) illustrates the peak
optical power of the beat signal for various relative tilts of the laser beams. The sensitivity
of the beat signal power with respect to the co-alignment of the laser beams increases
towards higher compression ratios. Based on these results, the pupil imaging system is
designed with a magnification factor of 𝑀 = 1/8.7.
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Figure 4-5 The magnification of the pupil imaging system is optimized
(a) in terms of beat signal-to-noise ratio. The designed lens system has a
magnification of 𝑀 = 1/8.7 since (b) higher compression is more sensitive
to the co-alignment of the two laser beams.
The imaging lens system is an afocal Keplerian telescope with two plano-convex lenses.
In contrast to a comparable telescope of the Galilean type, the Keplerian type provides an
accessible exit pupil. The field stop aperture placed at the focal length behind the first lens
defines the field of regard for the whole instrument while preventing straylight to reach
the detectors. The ratio of the focal length of both lenses determines the magnification
factor 𝑀 = 𝑓& /𝑓! . The imaging system is designed and optimized with Zemax OpticStudio
and depicted in Figure 4-6. In addition to the lenses L1 and L2/L3, the beam path comprises two beam splitter cubes: PBS2 for combining the two laser beams and PBS3 for
splitting the light to two redundant photodetectors QPD1/QPD2. The critical measurement path in the instrument design is crossing the lens system about 20 mm after PBS2
demanding a clear passage. The first lens L1 is a PLCX-25.4/64.4UV from Laser Components with a focal length of 𝑓! = 143.2 mm and leaves just enough margin to PBS2 for a
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lens mount with a screw interface. PBS3 is placed closer to L1 than to its focal point in
order to suppress the effect of imperfections in the glass by averaging over a larger beam
diameter. The straylight aperture A2/A3 in the focal plane has a diameter of 2 mm corresponding to a field of view of 7 mrad, which gives a tolerance of 0.28 mm for lateral alignment. The second lens L2/L3 has a much smaller focal length of 𝑓& = 16.43 mm and faces
the divergent beam with its curved surface. This is due to the aspheric shape of the AFL1215-S-C from Asphericon, which gives significantly fewer aberrations than a spherical lens.
The location of the pupil plane provides sufficient clearance for the alignment of the photodetector assembly. A folding mirror in the path of the redundant photodetector leads to
a more compact system.
A1
SM

PBS2

55.7 [mm]

30

L1

12

PBS3

43

30

A2
A3

80.6

L2 QPD1
L3 QPD2

15.9 18.4

Figure 4-6 The pupil imaging lens system is a Keplerian telescope for
∅ 1 mm photodetectors with a magnification of 𝑀 = 1/8.7 and a 5 mrad
field of view.
4.3.3 Measurement signal
The signal of interest at the photodetectors is the relative phase between the received and
the local laser beam. A weak sinusoidal signal at the beat frequency carries this phase
information due to the heterodyne detection scheme (cf. section 1.2.2) but is overwhelmed by the steady local beam power. At PBS2, the local laser beam is divided into a
beam that continues the measurement path back to the other spacecraft and a beam,
which interferes with the received beam on the photodetector. In contrast to GRACE Follow-On, the power split ratio is set via polarization and does not affect the received beam
as well. Still, it is relevant for the SNR and the photodetector gain, therefore, a link budget
is derived with the parameters listed in Table 4-2, which estimates the incident laser
beam power at the remote spacecraft.
The laser source provides an optical output power of 𝑃y,%6' = 50 mW to the optical metrology terminal connected via an optical fiber with 𝜂4*86' = 75 % transmission efficiency.
A polarizer at the fiber output lets 𝜂Ç$# = 85 % of the beam pass. Although the clear aperture of all components in the optical metrology terminal allows the full beam to pass, a
clip close to the steering mirror could limit the tilt-to-length effect due to far-field wavefront errors (cf. section 3.3.5). The power loss due to a clipping aperture with radius 𝑟t =
4 mm is included as 𝜂:#*P .
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Table 4-2 Parameters for the optical link budget
Parameter

Symbol

Value Unit

Laser output power
Laser wavelength
Beam waist
Beam quality factor

𝑃y,%6'
𝜆
𝑤1
𝑀&

50 mW
1064 nm
2.5 mm
1.1

Spacecraft separation
Pointing offset

Λ(,𝜃$YY%67

300 km
50 µrad

QPD radius

𝑟ÅÇÉ

0.5 mm

QPD slit width

𝑠ÅÇÉ

20 µm

Imaging magnification

𝑀

1/8.7

The polarizing beam splitter cubes provide a high extinction ratio in transmission with an
efficiency of 𝜂ÇÖ3 = 95 %. The power split ratio at PBS2 is variable with 𝛼y} of the beam
power being directed to two redundant photodetectors. The factor 𝜂ÅÇÉ ≈ 89 % represents the power loss of the Gaussian beam due to the finite QPD size and inert slits between the segments. Table 4-3 lists the parametric equations for calculating the beam
power at various relevant locations in the optical metrology terminal.
For the transmit beam, PBS2 reflects the greater part of the local laser source (1 − 𝛼y} ).
The retroreflector has three gold-coated mirrors with a total reflectivity of 𝜂::s = 90 %.
A beam quality factor of 𝑀& = 1.1 leads to a far-field beam divergence of 𝜃[*] = 160 µrad.
In a distance of 300 km, the remote instrument is illuminated with a constant irradiance
𝐼s| , for which the equation includes the allocated pointing offset of 𝜃$YY%67 = 50 µrad.
On the receiving side, the beam splitter BS takes away 10 % of the beam for the acquisition
sensor while 𝜂::É = 90 % of the beam power continue the measurement path. Due to the
magnification of the imaging system, the received beam is sampled within an area 𝐴ÄÅÇÉ
that equals (1/𝑀)& = 8.7& = 75.69 times the photodetector size 𝐴ÅÇÉ . An additional
transmission efficiency 𝜂s| = 50 % in the receive path covers all other losses from absorption, parasitic reflection, polarization, degradation, and contamination. Half of the remaining power arrives at one of the photodetectors. In order to obtain the actual power
levels, first, a suitable split ratio 𝛼y} at PBS2 has to be determined.
Figure 4-7 (a) depicts the peak optical power of the beat signal as a function of the split
ratio 𝛼y} . The split ratio affects the local beam power and the transmitted power linearly.
Apart from that, the split ratio has no impact on the receiving path due to the implemented
polarization scheme. As a result, the beat signal power 𝑃…567 is proportional to
f𝛼y} (1 − 𝛼y} ) and, therefore, reaches its maximum for 𝛼y} = 50 %. When 𝛼y} is close to
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0 % or 100 %, the beat signal power reduces dramatically since one of the local or received beam 𝑃ÅÇÉ,y} and 𝑃ÅÇÉ,s| , respectively, effectively disappears.
The contrast 𝐶 depicted in Figure 4-7 (b) is the ratio of the dynamic beat signal amplitude
and the constant background illumination. The contrast has a maximum for equal beam
powers, i.e., at 𝛼y} ≈ 100b . However, without the amplification of the weak received beam
with a more powerful local beam as part of the heterodyne detection scheme, the extremely low beat signal power is impractical. Due to the large difference in laser beam
power at higher split ratios, the contrast stays at poor values. In a shot noise limited system, the SNR (cf. Eq. (4.3)) has its maximum for equal beam powers as well and decreases
towards higher power levels of the local beam, see Figure 4-7 (c). Nevertheless, the shallow gradient allows a broad operating range of the split ratio and a substantially higher
beat signal power. Hence, in the experimental setup, high flexibility is maintained by a
tunable waveplate between the steering mirror and PBS2.
The link budget in Table 4-3 includes values for 𝛼y} = 10 %, which corresponds to a local
beam power of 𝑃ÅÇÉ,y} = 1.3 mW on each photodetector. The optical power of the received beam is about 𝑃ÅÇÉ,s| = 70 pW. With a heterodyne efficiency of 𝜂567 = 56 %, this
leads to a beat signal peak power of 𝑃…567 = 448 nW and a contrast of 𝐶 = 3.52 ⋅ 100I .
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Since the pathlength stability of the optical instrument and the tilt-to-length coupling are
not sensitive to the beat signal power, realistic light levels are not essential for a laboratory demonstration.

0

25 50 75 100
Split ratio [%]

(c)

80
70
60
50

0

25 50 75 100
Split ratio [%]

Figure 4-7 The optical link budget provides (a) the optical power of the
beat signal, (c) the contrast ratio, and (d) the SNR as a function of the power
split ratio 𝛼y} of the local beam.
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Table 4-3 Parametric optical link budget
Parameter

Formula

Laser output power
TX clip efficiency

𝜂:#*P

𝑃ÇÖ3& = 𝑃y,%6' 𝜂4*86' 𝜂Ç$# 𝜂:#*P
1
&
𝑃ÅÇÉ,y} = 𝑃ÇÖ3& 𝜂ÇÖ3
𝜂ÅÇÉ 𝛼y}
2
𝑃V| = 𝑃ÇÖ3& (1 − 𝛼y} ) 𝜂::s 𝜂ÇÖ3

Local laser PBS2
Local laser QPD
Transmit power
Beam divergence
[55]

𝜃[*] =

Far-field irradiance
Received power QPD
Heterodyne efficiency
Beat signal (peak)

𝑃y,%6'
= 1 − exp(−2(𝑟t /𝑤1 )& )

0.2428𝜆𝑀&
e
& −1
Õ
𝑟t
𝑤1
1 − exp Z− à
1.0271𝑤1 â [
2𝑃V|
𝜃$YY%67 &
𝐼s| =
exp õ−2 Z
[ ú
&
𝜃[*]
𝜋 𝜃[*]
Λ&(,1
𝑃ÅÇÉ,s| = 𝐴ÄÅÇÉ 𝐼s| 𝜂::É 𝜂s|
2
𝜂567 (cf. (4.4) and (4.5))
𝑃…567 = 2f𝜂567 𝑃ÅÇÉ,y} 𝑃ÅÇÉ,s|

Contrast

𝐶=

𝑃…567
𝑃y} + 𝑃s|

Value Unit
50 mW
0.994
31.9 mW
1.3 mW
24.5 mW
160 µrad

5.57

pW
mm&

70 pW
0.56
448 nW
352 ppm

4.3.4 Quadrant photodetector
Two redundant quadrant photodetectors turn the optical beat signal into an electrical
voltage signal connected to an ADC. The residual signal processing chain for the measurement signal is all-digital and not subject to aging effects of electrical components, which
could alter the phase response. The photodetector gain must match the optical signal
power as well as the input range of the ADC. The link budget derived in the previous section indicates a poor contrast ratio between the sinusoidal alternating current (AC) beat
signal and direct current (DC) background from the local beam. In order to achieve fullscale modulation of the AC signal at the ADC, the DC offset is split off in an early stage of
the amplifier circuit.
Figure 4-8 depicts the schematic of the transimpedance amplifier circuit for a single segment (see Appendix C for the full schematic of the photodetector). The Q6849-01 quadrant photodiode from Hamamatsu has a common cathode and is reverse biased with 2.5 V
in order to reduce its capacitance to about 20 pF and increase the bandwidth [56]. At
1064 nm, the conversion from optical power to photocurrent takes place with a responsivity 𝑅 =

Üá3
àâ

≈ 0.65 A/W for InGaAs devices. A bipolar transistor in a voltage-controlled
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current source is balancing the DC offset directly at the photodiode. Thus, the transimpedance gain RF is not limited by the DC offset in combination with the supply voltage of
the transimpedance amplifier (IC1, RF). An I-regulator (IC2, R2, C1) integrates residual
DC voltage at the output of the transimpedance amplifier and controls the current source
(T1, R5) through a lowpass filter (R3, C2). Since the anode potential of the photodiode is
virtually grounded, the DC signal is proportional to the voltage drop at R1 and independent of RF.
RF

D1

V+

V+
AC

DC

C1

V-

GND

R2

R1

IC1

V+
R4

R3

IC2

T1
C2

R5

-5V
GND

GND

-5V

Figure 4-8 The quadrant photodetector circuit comprises a transimpedance amplifier and a closed-loop DC offset compensation. The 4-layer circuit
board provides 4 SMA connectors for the AC output signals.
The component values are optimized for low noise throughout calculations and Spice simulations. The transimpedance amplifier is an LTC6268-10 operational amplifier from Linear Technology [57]. In the lower frequency band of the AC path, the thermal noise of the
feedback resistor is the dominant contributor with an equivalent input-referred current
noise of 4 pA/√Hz. Due to the capacitance of the photodiode parallel to the inverting input
pin of the operational amplifier, the noise gain rises at frequencies above 2 MHz. Input
current noise and input voltage noise of the operational amplifier take over with
10 dB/decade up to a maximum frequency of 50 MHz. The total input-referred current
noise of the detector at the upper signal frequency of 20 MHz is 50 pA/√Hz, exceeding
shot noise
(4.6)
𝐼ë35$7 2$*%6 (𝑓) = f2𝑞𝑅𝑃y}
of about 8.3 pA/√Hz with the elementary charge 𝑞 = 1.6 ⋅ 100!ä Cb and a local beam
power of 𝑃y} = 0.33 mW (single segment, no contamination). The dark current of the
photodiode is about six orders of magnitude smaller and therefore ignored in Eq. (4.6).
For lower noise at realistic light levels, decoupling of the photodiode capacitance from the
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operational amplifier, i.e., with further discrete transistors, might be required in the future. In the second stage of the AC path (not shown in Figure 4-8), an LT6211 currentfeedback amplifier [58] with a voltage gain of 6 drives the 50 Ω coaxial SMA cable to an
ADC with 2 VÇÇ input voltage range. The current set resistor of 47 kΩ is determined experimentally.
The integrator is an LT1884 operational amplifier [59] with a negative supply rail below
that of the transimpedance amplifier. The rationale behind this is that R1 and R5 drain
the total DC signal, but because a small R5 increases the overall noise it must be large
enough in order not to overwhelm the thermal noise of the feedback resistor. R3 and R4
are part of a lowpass filter, keeping away high-frequency components from T1, but also
limit the current flow through its base. This step is essential for DC stability. Otherwise, a
current peak at the regulator output could increase the voltage drop in R5 since it merges
both the collector and base currents. If the current through R1 is not sufficient anymore
for compensating the DC signal of the photodiode, the integrator attempts to increase the
transistor current even more and ends up in a deadlock. With R2 and C1, the crossover
frequency is set to prevent coupling of the power grid (50 Hz) or other light sources such
as fluorescent tubes (100 Hz principal frequency) into the high gain AC signal. The DC
output signals of the photoreceivers are connected to the circuit depicted in Appendix D,
which also functions as a distribution network of the power supply lines for up to four
QPDs.
The printed circuit board of the photodetector (Figure 4-8) comprises two signal layers,
a power plane, and a ground plane. Matched trace lengths for the individual segments
minimize relative phase shifts due to temperature variations. The board has a size of
54 × 54 mm& . The frequency response (Figure 4-9) is measured via an optical beat between two independent lasers, one of it tuned in frequency. Concerning phase measurements, the experimental evaluation of the phasemeter performance in section 5.4
includes the photodetectors in the signal chain.
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Figure 4-9 The frequency response of the photodetector is measured via
an optical beat between two independent lasers, one of it tuned in frequency.
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A tilt in the wavefront of the Gaussian beam introduces a phase factor exp(−𝑖(𝑥𝜃 + 𝑦𝜂)𝑘).
The phase of the beat signal in segment A (relative to the mean value of the entire detector) is given by
∗
𝜙t = arg Ñ ÷ 𝐸 àf𝑥 & + 𝑦 & , 0â 𝑒 0K(ãTåçá)n 𝐸s|
dAÖ
ÅÇÉ,t
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𝑘
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∗
with the Gaussian beam field 𝐸(𝑟, 𝑧) from Eq. (3.8) and the received field 𝐸s|
= 1. For the
given parameters of 𝑤1 and 𝑟ÅÇÉ (cf. section 4.3.2), the outer radius of the photodetector

contains 99.8 % of the beam power. Under the assumption of an infinite photodiode radius 𝑤1 ≪ 𝑟ÅÇÉ , (4.7) can be simplified to
𝜙t ≈

𝑤1 𝑘
√𝜋

(𝜃 + 𝜂),

(4.8)

which gives the linear DWS slope for small relative beam tilts in segment A. With correspondingly adjusted integration limits, the phase of the other segments yields to
𝑤1 𝑘

(−𝜃 + 𝜂)

(4.9)

(−𝜃 − 𝜂)
√𝜋
𝑤1 𝑘
(𝜃 − 𝜂).
𝜙É ≈
√𝜋

(4.10)

𝜙Ö ≈
𝜙: ≈

√𝜋
𝑤1 𝑘

(4.11)

This, in turn, provides the relative tilt angles
𝜃≈

𝜆
8√𝜋𝑤1

h(𝜙t + 𝜙É ) − (𝜙Ö + 𝜙: )j

(4.12)

h(𝜙t + 𝜙Ö ) − (𝜙: + 𝜙É )j.

(4.13)

and
𝜂≈

𝜆
8√𝜋𝑤1

The calculations above further contain two more approximations. First, a real photodiode
has inert slits between the segments that do not contribute to the measurement signal.
Second, in order to solve the integral in Eq. (4.7), the argument operator is moved inside
the integral forming a weighted integration of the phase. As a result, the implicit modulo
2𝜋 as part of the complex exponential function is ignored and does not reproduce the loss
of sensitivity for larger tilts. Exact results are given in section 5.5.1, together with experimental measurements.
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4.3.6 Steering mirror
The fast steering mirror corrects for misalignments between the optical axis of the instrument and the line-of-sight so that the narrow laser beam precisely points towards the remote spacecraft. At an angle of incidence of 45°, the sensitivity for in-plane and out-ofplane motion of the steering mirror is different with a conversion factor of 2 and √2, respectively, from mechanical to optical angles (cf. C1 tilt in section 2.4). Therefore, a minimum mechanical range of ±3.6 mrad plus some alignment margin is required in order to
cover the 5 mrad field of regard of the optical metrology terminal.
Commercial steering mirrors for laboratory use are available in different technologies,
such as motorized mirrors, galvanometers, piezo actuators, piezo steppers, and voice
coils. Motorized mirrors with actuated lead screws are slow but can tolerate heavy loads
and are used in the beam steering subsystem of the laboratory verification setup (cf. section 5.5). Galvanometers are one-dimensional scan mirrors with a wide deflection range,
but with two separate units, the pivot does not match for tip and tilt. Piezo actuators require high voltages but are very fast and accurate. In a slip-stick mechanism, piezo steppers can achieve wide deflection ranges at the expense of slower speed.
In GRACE Follow-On, a voice coil steering mirror is used, which initially was developed
for the Laser Communication Terminal (LCT) [21]. The LCT comprises two different fast
steering mirrors, one for fine pointing with ±31.3 mrad (optical) deflection and a
±8.1 mrad (optical) point ahead angle mechanism, both with a closed-loop control bandwidth of more than 1 kHz [60]. The Dutch organization TNO manufactures space grade
fast steering mirrors with ±17 mrad (mechanical) range, compact dimensions
(∅27 mm × 30 mm), and 1.7 kHz bandwidth [61, 62].
In the laboratory demonstrator of the optical metrology terminal, an FSM-300 voice coil
actuator from Newport is used, which provides a range of ±26 mrad (mech) with a small
signal bandwidth of 600 Hz [63]. In science mode, the steering mirror receives its drive
signals from the DWS control loop. However, during initial signal acquisition, a pattern
scan is performed without any optical feedback. The FSM-300 provides strain gauges as
internal position sensors. Large amplitudes at high frequencies, e.g., during an acquisition
scan, can cause a rise of temperature in the driving coils, which are protected by a temperature monitor system. Since only a small fraction of the deflection range of the FSM300 is required, the analog control unit is driven by ±2.5 V signals instead of ±10 V enhancing the granularity of the preceding 16-bit digital-to-analog converter (DAC) to
0.4 µrad.
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4.4 Acquisition Sensor
In science mode, the quadrant photodetectors provide the displacement signal within the
phase information of the beat signal. The local laser beam is co-aligned to the received
beam via a steering mirror and the differential wavefront sensing technique (cf. section
4.3.5). The beam tracking relies on accurate phase measurements, which require a steady
laser link. Uncertainties in five degrees of freedom demand an elaborate acquisition strategy in order to establish this link:
§

A deviation of the optical axis at the remote spacecraft from the line-of-sight could
easily lead to a pointing offset large enough preventing light from being received
at all. With a beam divergence of 160 µrad, only a small fraction of the 5 mrad field
of regard is covered at once involving a two-dimensional parameter search.

§

The quadrant photodetectors have a limited field of view centered about the optical axis of the local laser beam. At a misalignment of 150 µrad between the laser
beams, the reduced heterodyne efficiency attenuates the power of the beat signal
to less than a third (see Figure 4-5). Here as well the two-dimensional pointing parameters have to be found within a 5 mrad wide field.

§

The fifth parameter covers the laser frequency offset between the frequency stabilized laser in the master spacecraft and the slave laser in the remote spacecraft.
The uncertainty of the initial frequency offset exceeds the bandwidth of the photodetectors and the phasemeter necessitating a frequency scan.

In applications such as laser communication with dynamic links between various satellites, high-speed acquisition is supported by an additional beacon beam covering the full
uncertainty cone without a pattern scan. GRACE Follow-On successfully demonstrated
that a dedicated sensor is not mandatory for the initial signal acquisition, although a full
scan required about 8.5 h [16].
Therefore, the optical metrology terminal comprises an optional acquisition sensor reducing the number of degrees of freedom that are scanned simultaneously from five down
to beam pointing in two dimensions. Once the beam from the remote spacecraft enters
the receiving aperture of the instrument, the acquisition sensor detects its presence and
the angle of incidence. Co-alignment of the transmit beam is achieved using the integrated
position sensors of the steering mirror. As soon as the quadrant photodetectors detect a
beat signal during the laser frequency scan, the instrument enters science mode with
closed-loop control of the beam pointing and frequency offset phase-lock.
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4.4.1 Optical system
Figure 4-11 depicts the optical design of the acquisition sensor, comprising an aperture
stop, two lenses, and a detector. Starting from the link budget in section 4.3.3, the irradiance behind the acquisition beam splitter is 0.28 pW/mm& , including 50 % contamination
loss. With an aperture stop radius of 7.5 mm, this yields an optical power at the detector
of 𝑃tÅ = 49 pW for a perfectly aligned beam or less than 0.1 pW for a pointing deviation
of 0.5 mrad. The aperture avoids scattering due to beamwalk across the optics and provides constant beam power over the full field of view.
A4 L4

10

L5

66.5

CCD

62.9 [mm]

Figure 4-11 The lens system of the acquisition sensor comprises two
lenses with an effective focal length of 𝑓 = 286 mm. The position detector in
the focal plane receives a spot nearly proportional to the angle of incidence.
A converging lens concentrates the power of a collimated input beam at the focal point.
Deviations of the angle of incidence from the nominal optical axis move the focal point
along the surface of a sphere. A ray through the center of the (ideal thin) lens travels along
a straight line without deflection. The lateral position offset Δ𝑥 of the beam at a flat detector centered about the focal point on the optical axis is
Δ𝑥 = 𝑓 tan 𝜃 ≈ 𝑓𝜃

(4.14)

with a linear approximation for small-angle deviations 𝜃 and is proportional to the effective focal length 𝑓. A 4 mm detector with a slightly oversized field of view 𝜃(,- = 7 mrad
requires a focal length of 𝑓 = 286 mm. The focal lens system in Figure 4-11 combines a
convex PLCX-25.4/38.6UV lens with a focal length of 𝑓! = 85.8 mm and a concave PLCC10.0/12.9UV lens with a focal length of 𝑓& = −28.7 mm in order to achieve this effective
focal length with significantly shorter total dimensions compared to a single lens. The
alignment tolerances of the acquisition sensor are easily satisfied, as can be expected from
the spot diagram in Figure 4-12. A longitudinal offset from the focal plane only leads to
moderate variations of the spot size and is taken into account during calibration. Since the
spot size and shape is even less sensitive to the angle of incidence, the acquisition sensor
can be co-aligned to the optical axis of the instrument by lateral relocation of the detector.
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Figure 4-12 The spot diagram of the acquisition sensor shows a wide
field of view of the lens system and a spot size that remains much the same
for a small longitudinal offset of the detector.
4.4.2 Detector
The detector shall measure the central point of the beam spot on the active area. The natural choice for the detector is a matrix sensor (camera) with multiple pixels. The pixel grid
provides a stable reference for the position measurement and allows to apply a geometrical filter in order to suppress most of the sensor noise before calculating the spot location, e.g., using a geometric or weighted centroid algorithm. It is essential to distinguish
between pixel pitch and measurement accuracy since sub-pixel resolution is feasible with
a regular spot profile that covers more than a single pixel. Even without sub-pixel interpolation, an acquisition sensor selected for a former LISA optical bench prototype with a
resolution of 320 × 256 pixels and a pixel pitch of 25 µm/pixel provides an angular resolution better than the beam divergence. Hence, if the instrument points back towards the
direction indicated by the acquisition sensor, the remote instrument will be able to see
the laser beam as well.
As an alternative sensor type, a two-dimensional position sensitive device (PSD) provides
four photocurrent signals which are sensitive to the position of the incident beam. While
a quadrant photoreceiver does not work very well with a focused laser beam because it
requires the spot to extend over more than just one segment, the PSD has a uniformly
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resistive layer across a single active area [64]. The photocurrent spreads toward the different outputs signals according to the distance between the spot and the electrodes.
Therefore, the PSD collects more noise than a matrix sensor and cannot easily distinguish
between straylight and the received beam (unless modulated). However, the PSD requires
only a four-channel photodetector circuit and offers a straightforward position calculation without much computational power or image processing.
The detector electronics of the PSD comprises a 4 × 4 mm& S5990 PSD from Hamamatsu
[65], an LTC6082 [66] wired as a transimpedance amplifier, and an LTC2344-18 ADC [67].
Figure 4-13 depicts an excerpt of the schematic and the printed circuit board of the acquisition sensor. It has the same form factor as the quadrant photodetector. The full schematic is found in Appendix E. The transimpedance amplifier (IC1a) connects the anode
potential of the PSD virtually to the internal reference voltage of the ADC Vref whereas
solder jumper SJ1 defines whether to use reverse bias or minimize dark currents. Due to
the differential input pins of the ADC (IC2), the polarity of the input voltage is not inverted
and proportional to the light level at the detector. The programmable soft-span of the ADC
enables the full resolution for unipolar input signals and can switch between several input
voltage ranges [67]. The beam steering subsystem in the verification setup uses the same
circuit board with a D-Sub connector on the right side instead of the PSD (cf. section 5.5).

Vref

IN0+
IN0-

IC1a

GND
R1

IC2

GND

V+

Vref

REFBUF

Vref

REFIN

D1

V+
SJ1

C1
C19

GND
Vref
GND

Figure 4-13 The photodetector of the position sensitive device comprises a selectable reverse bias voltage, a transimpedance amplifier, and an
ADC. An optional D-Sub connector on the right side of the circuit board allows for external photodiodes instead of the PSD.

4.5 Instrument Assembly
The implementation of an elegant breadboard model allows for a representative characterization of the optical metrology terminal. The experimental model contains primarily
customized components but does not demand costly flight hardware. In particular, the
fiber coupler and the steering mirror are commercial off-the-shelf components that are
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4.5.1 Integration strategy and alignment
The integration strategy consists of three phases. The first phase is the assembly of the
critical measurement path on the Zerodur baseplate, i.e., the virtual on-axis retroreflector.
This step excludes the 90° folding mirror M1 so that external laser beams can easily be
sent through the instrument while the baseplate remains parallel to the optical table. After the implementation of the transponder system in the second phase, preliminary measurements of the tilt-to-length coupling provide a first performance indicator. The final
phase covers all remaining components, including the kinematic mounts, in order to be
able to mount the entire instrument onto a steel frame for improved handling during testing in the dedicated verification setup.
The alignment plan for the optical metrology terminal comprises the following sequential
steps:
1st step: Baseplate
The baseplate is firmly clamped onto an optical table with a clamping jaw at the
front and on the right side.
2nd step: Positioning template (used for 4th step)
The positioning template for non-critical components (c.f. section 4.5.2) is aligned
and fixed relative to the base plate.
3rd step: Auxiliary laser beams (used for 5th step)
Two auxiliary laser beams are laterally aligned relative to the template 15 mm
above the baseplate. For this purpose, the template provides several pockets for
temporary apertures. The transmittance of the beam through two apertures in a
row is optimized using an optical power meter. The selected beam diameter of
2 mm is a compromise between divergence and alignment accuracy.
4th step: Bonding of non-critical components
BS, M3, M4, M5, PBS1, PBS2, PBS3 are bonded to the baseplate using the positioning template and a tool for applying downforce on the component during curing of
the resin. Afterward, the template is removed.
5th step: Retroreflector
The two auxiliary laser beams aid the positioning of the retroreflector. They are
parallel with an offset of 4.5 cm. The retroreflector is laterally aligned so that both
laser beams overlay. The correct distance to PBS2 and PBS3 defines the longitudinal position of the retroreflector for direct bonding onto the baseplate.
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6th step: Final mirror in the measurement path: M2
The absolute tilt feature of a Shack-Hartmann wavefront sensor measures the angular deviation of the instrument and a digital control loop adjusts M2 automatically via a piezo platform. Therefore, a half-waveplate is temporarily inserted in
the beam path. The beam deviation due to the waveplate is specified to better than
0.5′′. Now M2 is moved back and forth until the 2 mm auxiliary laser beam is reflected back into its fiber without a lateral offset. During the adhesive bonding process, M2 is aligned in closed-loop control.
7th step: Fast steering mirror
Concentric alignment of the steering mirror assembly to the laser beam with the
lateral tuning range as close to the zero points as possible. For the bonding process,
the mirror is detached from the bracket.
8th step: Fiber coupler
The fiber coupler is aligned to the laser beam via optimization of the coupling efficiency and bonded to the baseplate.
9th step: Pupil imaging lens system
The alignment of the pupil imaging lens system involves the following steps:
§ The already integrated fiber coupler is used as the light source.
§ A camera is placed behind the straight output port of PBS3.
§ Temporary placement of the first lens L1 with stops while aligning the focal
point to the center axis of the beam (camera).
§ Temporary placement of the second lens L2 collimating the transmitted
beam.
§ A plane mirror is attached to photodetector mount instead of the printed
circuit board and is aligned for the correct distance between the second lens
and the photodiode.
§ Both lenses L1 and L2 are removed.
§ The photodetector mount is bonded with the mirror perpendicularly and
concentrically to the laser beam.
§ With an auxiliary mirror in front of the fast steering mirror, the wavefront
sensor is aligned perpendicularly to the mirror in the photodetector mount,
and a reference image is taken.
§ Adhesive bonding of the first lens L1.
§ Lateral fine adjustment of the first lens L1 using the camera.
§ Tilt adjustment of the first lens L1 using the wavefront sensor and peel-able
shims.
§ Alignment of the second lens L2 using the wavefront sensor, including adhesive bonding and fine adjustment (peelable shims).
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§
§
§

§

The laser beam is dumped in front of L2 while L3 is aligned and bonded
analogously.
The wavefront sensor and the auxiliary mirror are removed, and both reference mirrors are replaced with the photodetectors.
Alignment of the quadrant photodetectors for the least coupling of the
steering mirror angle to beam position. The correct thickness of the shims
is determined by measurements of the coupling factor and a geometrical
model of the pupil imaging system.
Centering of the straylight apertures to the nominal beam axis via horizontal and vertical deflections at steering mirror and power sensing on the
photodetectors

10th step: Waveplates
The half-waveplate mounts are bonded to the baseplate and aligned for the correct
power split ratio at PBS2 and maximum transmittance of the transmitted beam at
PBS1.
11th step: Folding mirror M1
Alignment of the folding mirror so that the beam meets the center of the mirror
surface and is deflected perpendicularly to the baseplate.
12th step: Waveplate mount with support
The external 𝜆/4 waveplate is attached above M1.
13th step: Acquisition sensor
The first lens L4 is aligned such that the focal point lies on the optical axis. The
second lens L5 maintains the focal point on-axis but at the designed longitudinal
position. After that, the PSD is aligned using a retroreflector outside the instrument.
4.5.2 Positioning template
The starting point for the assembly process is an empty baseplate and several individual
components. Since there are barely enough reference points for precise alignment of the
first parts, a template specifies the positioning. The template made of 5 mm aluminum
sheet has a pocket for each component with three holes for 4 mm ball bearing balls
providing a precise contact surface. A small gap of a few millimeters between the
baseplate and the template prevents accidental bonding of the template. Figure 4-15 depicts the clamping of the baseplate (a), the aligned positioning template (b), and a tool (c)
for applying a constant vertical force during the curing process of the resin.
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The tool is a tripod with a guide rail through the center. It stands on three standard
∅12.7 mm optic posts of which two contain a screw with a cylindrical head on its bottom
side. Besides the pockets for the components, the positioning template provides additional holes and slits for the tool. After applying a thin uniform layer of adhesive, the component is carefully aligned to the balls in the template and lowered with a tilting motion
so that no air is trapped below the component. Then the first leg of the tool goes into the
corresponding hole, the second leg into a slit. The third leg is flat and stays on the top side
of the template. By this, the center hole in the tool is perfectly aligned to the component
serving as a lateral guide. Another optic post with a Viton ball on its tip applies a constant
force to the component. This entire process takes only a few moments.
(a)

(c)

(b)

Figure 4-15 The positioning template aids the bonding of non-critical
components. The clamping of the Zerodur baseplate (a) and the positioning
template (b) uses common posts. The template provides holes and slits for
a tool (c) that applies a vertical down-force during curing of the resin.
The positioning template aids the adhesive bonding of two wide mirrors (BS, M3) with
50 × 30 × 10 mm? , two small mirrors with 30 × 30 × 8 mm? (M4, M5), and three beam
splitter cubes (PBS1-3) with a 30 mm edge length. Apertures put into dedicated pockets
in the template support the co-alignment of two parallel laser beams. According to the
alignment plan, the template is removed afterward in order to get free space for the
retroreflector. The hollow retroreflector is an assembly of three glass elements manufactured with a golden mirror coating (see Figure 4-16).
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Figure 4-16 The hollow corner cube retroreflector is an assembly of
three glass elements and has a golden mirror coating. The incident and reflected laser beams have a lateral offset of 45 mm.
4.5.3 Active component alignment
The positioning template allows for an alignment accuracy close to the manufacturing tolerance in the hundredth of a millimeter. Out-of-plane errors due to a deviation in the angle
between the bonding surface and the mirror surface are not corrected during template
bonding. The pending mirror within the measurement path M2, however, provides means
to compensate for the angular bias of all components installed beforehand.
Since it directly determines the anti-parallel alignment of the external beams, it requires
positioning with microradian alignment accuracy. A 10 µrad rotation of the mirror M2
with a length of 50 mm relates to a linear motion of half a micron on the edge of the mirror.
For this purpose, a fixture mounted on a two-dimensional piezo platform performs the
fine-alignment of M2.
The adhesive in the bonding layer has an immediate effect on the thermal stability of the
components since its CTE (𝛼vP$-\ = 90 ⋅ 100a K 0! [69]) exceeds that of Zerodur by four
orders of magnitude. This effect is noticeable in two situations:
§

If the reflective surface of the component is at an angle to the baseplate other than
vertical, e.g., 45° for the folding mirror M1, thermal expansion of the bonding layer
produces a linear up and down movement in the measurement path. For a layer
thickness of 𝑑 = 10 µm, this leads to 𝛼vP$-\ 𝑑 ≈ 1 nm/K and about 4 pm/√Hz with
the temperature stability given in Table 4-1.
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§

The other effect concerns M2 when the bonding layer takes the shape of a wedge
in order to compensate for an out-of-plane deviation. In that case, thermal expansion produces a tilt of the component that affects both pathlength and beam deviation. For a quite large wedge angle of 𝛿 = 1 mrad, the component tilt is 𝜃 =
𝛼vP$-\ 𝛿 ≈ 100 nrad/K, which is below the expected alignment tolerances. With a
lever arm of ℎ = 15 mm from the bonding layer to the nominal beam height, the
linear motion of the component is ℎ𝜃 = 1.5 nm/K or about 6 pm/√Hz.

Despite the large CTE of the adhesive, the instrument maintains a high level of thermoelastic stability. A prerequisite for the automatic alignment of M2 is the precise measurement of the angular beam deviation caused by the optical metrology terminal.
Co-alignment of counter-propagating laser beams
The natural instrument for the measurement of beam deflections in a reflective optical
system is an autocollimator. The outgoing laser beam is reflected at a mirror, or in this
case in the optical metrology terminal, while an angular deviation causes a lateral beam
offset at the detector of a focal system. This part of the autocollimator is very similar to
the acquisition sensor (cf. section 4.4).
A conventional optical component, which provides an outgoing laser beam, a focusing
lens, and a pinhole, is a single-mode fiber collimator. Since a greater beam diameter of the
fiber coupler necessitates a larger focal length while the core diameter of the fiber remains constant, its angular sensitivity is higher. A rudimentary experimental setup with
a Newport FSM-300 steering mirror and a beam splitter allows the measurement of the
angular sensitivity of a Schäfter+Kirchhoff 60FC-T-4-M25-03 fiber coupler with a ∅5 mm
beam diameter at 1064 nm [70]. The launched beam carries an optical power of 500 µW.
The steering mirror surface is only 2 cm away from the fiber coupler in order to avoid
lateral movements of the reflected beam. The amount of optical power that couples back
into the fiber varies as a function of the angle of incidence. A power meter behind a 50:50
beam splitter at the other end of the optical fiber observes these fluctuations while the
steering mirror performs a two-dimensional scan pattern (10 × 10 steps).
Figure 4-17 (a) shows the measurement results of the pattern scan. Excellent mode
matching is critical for this application. Otherwise, there would be a flat plateau in the
center. While the fiber coupler is sensitive enough in order to detect beam deviations of
less than 50 µrad reliably (see Figure 4-17 (b)), it brings the adjustment capabilities of the
Polaris K1 optic mount to the limits. One full turn of the knob produces a beam deviation
of 14 mrad. With only 6.4° rotation of the adjuster, the beam deviation exceeds 250 µrad
and the optical power is almost entirely gone making the initial alignment remarkably
tricky. This point emphasizes the need for a motorized alignment tool concerning the mirror M2.
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Figure 4-17 Autocollimation through a fiber collimator offers a precise
indicator for residual beam deviations (a). A single mode fiber and a 5 mm
collimator can detect angular errors of less than 50 µrad (b).
Although the measurement via a fiber coupler is sensitive enough to identify tiny beam
deviations, it does not reveal its direction. During the bonding process, it is no option to
repeatedly scan M2 over a small range and choose the optimal position. By using the components of the transponder system, the beam from the fiber launcher within the optical
metrology terminal could be actively aligned to the external fiber coupler via the steering
mirror. In that case, the angular deviation and its direction could be measured on the photodetectors with differential wavefront sensing. However, with the transponder system
in place, M2 would be no longer easily accessible, and therefore, the alignment plan postpones everything but the critical measurement path to later steps.
The absolute-tilt feature of a Shack-Hartmann wavefront sensor provides direct measurement signals of the beam deviation. The outgoing beam of the wavefront sensor enters the
optical metrology terminal. A temporary 𝜆/2 waveplate allows the beam to pass through
the entire instrument instead of being reflected towards the photodetector position and
the wavefront sensor evaluates the tilt of the reflected wavefront against calibration with
an auxiliary retroreflector.
Active component alignment in closed-loop control
A computer program written explicitly for the automatic alignment of M2 comprises the
regulator on standard PC hardware. Figure 4-18 depicts a block diagram of the signal processing chain. The computer program queries the actual value of the beam deviation in
tip/tilt over a network socket from the Optocraft wavefront sensor control software [71].
The program comprises a PID3 controller for each axis, although the vertical gain is higher
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Figure 4-19 The automatic alignment tool for the final mirror in the
measurement path precisely adjusts the mirror angle via a two-dimensional
piezo platform. The magnetic clamp on the edges of the front face allows for
active alignment in closed-loop control.
4.5.4 Lens system alignment
The integration of the pupil imaging system takes place component-by-component using
a laser beam, a camera, and a wavefront sensor for fine alignment. The alignment steps
are listed in the alignment plan (cf. section 4.5.1). When the correct position for a component is located, a small positioning guide (Figure 4-20 (a)) is temporarily attached to the
baseplate through vacuum clamping. It provides a reference for the component, i.e., the
lens mount, during the bonding process. Two 0.2 mm Nylon strings define the adhesive
layer thickness (Figure 4-20 (b)). The spacing of the positioning guide below the contact
surface prevents the adhesive from bonding the tool (Figure 4-20 (c)). After a curing time
of half an hour, the jaw is removed and the Nylon strings cut (Figure 4-20 (d)).
(a)

(b)

(c)

(d)

Figure 4-20 The bonding of the lens mount makes use of (a) a vacuum
clamp while (b) two Nylon strings define the thickness of the adhesive layer.
The temporary vacuum jaw (c) is easily removable without any residue.
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In addition to the bonded part of the lens mount, a second metal fixture provides three
leaf springs with direct contact to the lateral surface of the lens (Figure 4-21 (a)). The
springs minimize aberrations due to mechanical stress and maintain a stable lens position
in case of temperature variations. For alignment purposes, a screw interface connects the
two parts offering adjustable translation and rotation of the lens via peel-off shims. The
shims have the shape of 2.5 mm tall ring washers and consist of numerous layers, each
with a thickness of 50 µm. They are used for the alignment of the straylight aperture, the
lenses and the quadrant photodetectors (Figure 4-21 (b)).
(a)

(b)

Figure 4-21 The lens mounts grasp the lenses on their lateral surface
through three leaf springs (a). Peel-able shims in the shape of washers aid
the fine-alignment of the lenses, the straylight apertures, and the photodetectors (b).
The required thickness of the shims for the lenses L2 and L3 is determined in an iterative
process minimizing wavefront errors via a Shack-Hartmann wavefront sensor in a double-pass configuration. Since the first lens L1 is common in both pupil imaging systems,
the shims offer five degrees of freedom for the alignment of the second lens. Figure 4-22
shows the measured RMS wavefront errors of less than 𝜆/50. Since the two laser beams
that go through the imaging system are very much co-aligned, only differential errors will
have an impact on the measurement signal due to a broad common-mode suppression.
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Figure 4-22 The residual wavefront error of the pupil imaging system
for the two redundant photodetectors (a) and (b) is about 𝜆/50 RMS as
measured with a Shack-Hartmann wavefront sensor.
Once the imaging systems is complete, and the quadrant photodetectors are aligned, the
instrument is ready for the very first laser link. With the state of integration shown in
Figure 4-23, the instrument is placed into the dedicated verification setup for preliminary
measurements of the tilt-to-length coupling. By this intermediate performance monitoring, no critical issues or inconsistencies with the theoretical model were identified.

Figure 4-23 The fully integrated transponder system allows for a first
laser link and intermediate performance monitoring, albeit with reduced
thermal stability due to the yet incomplete mounting scheme.
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4.5.5 Kinematic mounts
The kinematic mounts are three Invar feet with several spring elements minimizing thermal stress in the baseplate while maintaining a steady position. These feet attach the optical metrology terminal to a steel frame for improved handling flexibility during
verification. The instrument stands on three pedestals on top of the steel frame, which are
grounded in one process. During the bonding process, three vertical translation stages set
the relative height between the frame and the baseplate.
Laser treatment on the contact surface of the Invar feet creates an excellent bonding base.
Three vent holes minimize the amount of trapped air in the adhesive. Once more Nylon
strings set the layer thickness to 0.2 mm in order to overcome the CTE mismatch between
Zerodur and Invar. All three kinematic mounts are bonded simultaneously and attached
to the steel frame before the hardening of the adhesive. Figure 4-24 depicts the bonding
of one of the kinematic mounts.

Figure 4-24 The kinematic mounts made of Invar connect the Zerodur
baseplate to a steel frame. Several spring elements in the mount and a
0.2mm thick adhesive layer (Nylon strings held by red tape) minimize thermal stress in the baseplate. Laser treatment of the feet on the contact surface
and vent holes improve the bonding strength.
The contact surface of each kinematic mount covers an area of 692 mm& so that the adhesive can withstand a force of 11.7 kN under ideal conditions. Nevertheless, if anything
goes wrong and the mounts detach from the instrument, a 3D printed polymer support
structure retains the baseplate preventing severe damage. The support structure has a
clearance of at least 2 mm and does not compromise the thermo-elastic stability of the
instrument under normal conditions. Figure 4-25 depicts the finished elegant breadboard
model of the optical metrology terminal. It incorporates all the parts needed for a comprehensive measurement campaign, as well as an acquisition sensor and the 3D printed
protection (red). The reference point for the displacement measurement is located on the
line-of-sight at the center of the 90° folding mirror 30 cm below the baseplate.
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Figure 4-25 The elegant breadboard model of the optical metrology terminal comprises a small hollow retroreflector, a transponder system, and an
acquisition sensor. The nominal optical axis towards the remote spacecraft
is oriented perpendicularly and close to the center of the Zerodur baseplate.
The displacement measurement is insensitive to rotations about the reference point located on the line-of-sight 30 cm below the top face of the
baseplate. Three kinematic mounts made of Invar attach the instrument to a
steel frame for improved handling during the measurement campaign. The
3D printed emergency support structure (red) has no direct contact with the
baseplate in order to maintain excellent thermal stability.

4.6 Alternative Embodiment
The overall dimensions of the presented optical metrology terminal are primarily the result of two aspects: firstly, the required clearance around the reference point and secondly, the quite large beam diameter, which enables operation without a telescope. For
even more considerable distances with the same light power or a substantially better signal-to-noise ratio, e.g., for additional high-speed data transmission, there is hardly any
way around a telescope. The telescope directly affects the location of the reference point,
so that the optical bench might provide much smaller clearance. Furthermore, the com-
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pression of the beam size to 𝑤 = 1 mm on the bench allows for much smaller optical components. Figure 4-26 depicts an alternative realization of the optical metrology terminal
design concept. The outer frame has a size of only 10 × 10 cm& .

FC

CCR

Figure 4-26 An alternative instrument design based on the optical metrology terminal may include several application-specific customizations,
such as smaller dimensions, plate beam splitters, a bias between the transponder system and the reference point, an optical bench made of metal, or
an external telescope.
The instrument design involves several variations, such as plate beam splitters and a longitudinal offset of the steering mirror from the reference point. These design modifications shall demonstrate application-specific flexibility of the instrument concept while
maintaining optional features like the acquisition sensor:
§

The plate beam splitters have a shorter total glass thickness and are smaller with
less weight. They offer increased thermal stability at the expense of more significant tilt-to-length coupling.

§

The location of the transponder system within the instrument is not strictly bound
to the reference point. In GRACE Follow-On, the clipping aperture at the entrance
of the optical bench defines the pupil plane, avoiding diffraction artifacts. Hence, it
is possible to omit the two extra mirrors M2, M3 that match the pathlength before
and behind the pupil plane.
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§

With reduced dimensions, the lever arm causing beamwalk across the components
is smaller, and the optical bench can operate at a wide angular range of the laser
beam, i.e., ±2° provided by a compact steering mirror from TNO [61].

§

Closed-loop control of the steering mirror with setpoints deviating from zero can
realize minor point ahead angles.

§

Instead of Zerodur, the base material for the bench may be metal (i.e., titanium)
since the critical measurement path is very short.

§

Due to a smaller beam size on the bench, the pupil imaging system requires less
magnification and might be built more compact.

§

As a result of the angular magnification of an external telescope, a smaller effective
focal length of the acquisition sensor leads to the same field of view.

§

A rotatable periscope as external coarse pointing system could extend the field of
regard by many times, similar to the laser communication terminal.

4.7 Retroreflector Based on a Lens System
A full-fledged 3D retroreflector demands deflections of the incident beam, which cannot
be covered by a true two-dimensional structure. For an instrument like the optical metrology terminal, which has all optical elements mounted on a flat baseplate, this means
that there also needs to be an out-of-plane component in the system. In section 2.2, initially, an Abbe-Koenig-Prism like mirror assembly is introduced in order to carry out a
reflection at the paper plane and is afterward replaced with a corner cube. In general,
various arrangements of flat mirrors seem potentially feasible for this task but requiring
at least one reflective surface not being orthogonal to the baseplate.
As an alternative to flat mirrors, an afocal pupil imaging system may be utilized in order
to invert the image from one pupil plane to the other, just like in a cat's eye retroreflector.
Since a transponder system would greatly benefit from unidirectional beam routing, at
least within a small part of the instrument, the approach shown here follows the same
basic principle as developed for the optical metrology terminal. Figure 4-27 (a) illustrates
a simplified sketch of this concept. The external beams propagate directly on the line-ofsight to the remote spacecraft, while a beam splitter at the entrance of the instrument
converts between external and internal routing. The red beam describes the nominal optical axis of the system, whereas the blue beam demonstrates the retroreflecting properties for a tilted input beam. Instead of the small bi-axial corner cube retroreflector, now
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Figure 4-27 The retroreflector based on a lens system (a) realizes the
required out-of-plane inversion via pupil imaging. (b) the optical pathlength
is insensitive to small pointing deviations around the optical axis. (c) the reference point location PC equals half of the pathlength in the unfolded layout
with the imaging system (highlighted in red) rejected and the glass passage
through the beam splitter longitudinally compensated.
Figure 4-27 (b) depicts the residual variations of the optical pathlength when the incident
beam is rotated about the reference point of the retroreflector. For an angular range of
3 mrad, the total pathlength deviation is less than 2 nm but rapidly increases for a larger
field. This effect is due to the pupil imaging system, which in Figure 4-27 is implemented
with two PLCX-10.0/10.3UV4 plano-convex lenses. If a collimated beam irradiates the first
lens from various angles, the focal point behind the lens will not move along a flat plane
but rather follows the surface of a sphere. There are also spherical aberrations as a result
of the lens geometry. Hence, the lens system does not image a flat entrance pupil onto a
flat exit pupil but instead introduces a curvature, which only partially can be compensated
with a longitudinal reference point offset. For paraxial rays, however, the pupils of the
imaging system could still be approximated by two planes located at the focal point of
each lens, respectively.

4 PLCX-10.0/10.3UV: f = 22.9

mm@1064 nm, 10 mm diameter, 10.3 mm curvature, 3.9 mm center thickness
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Due to the pupil imaging effect, the optical pathlength of all rays passing the focal plane in
front of the first lens up to the focal plane behind the second lens remains constant, regardless of the angle of incidence. Thus, tilt-to-length coupling is mitigated in this section,
and the distance between both pupil planes needs to be rejected from the calculation of
the reference point location. Figure 4-27 (c) shows the unfolded beam path through the
retroreflector with all mirrors removed, and the pupil imaging system between the entrance and the exit pupil is highlighted in red. The reference point PC lies on the nominal
line-of-sight of the external beams, i.e., the optical axis of the system. The longitudinal position, starting at the beam splitter, equals half of the remaining round-trip pathlength
minus an additional offset for compensating the glass passage through the beam splitter
(cf. section 2.3). Similar to the corner cube retroreflector in section 2.2, the position of the
imaging system can be shifted along the beam axis without changing the functionality of
the system. With a reflective design of the imaging system, there would be only three components left in the measurement path, not yet including a transponder system.
On-axis retroreflector with telescope magnification
Another intriguing opportunity arises when this idea is combined with a magnifying telescope between the external and internal beams. Due to the double-pass configuration, it
does not matter whether the external telescope is inverting or not. Hence, instead of implementing a beam expander as an additional element outside the imaging retroreflector
assembly, the number of optical components in the measurement path can be reduced by
combining the functionalities of both lens systems.
The unfolded layout of the initial optical system depicted in Figure 4-28 (a) has a beam
compressing telescope at the entry (yellow), involves the inverting pupil imaging system
of the retroreflector (red), and magnifies the beam again at the exit (yellow). The background color highlights the particular lens system within both pupil planes. The external
pupil of the magnifying telescope is placed at the outer face of the first lens L1, but in
principle may be chosen arbitrarily. From there, the internal pupil relay may be moved
towards either side closer to one of the telescopes and also the beam splitter could be
shifted closer to the first lens. At the point where the inner telescope lens and the nearby
lens of the retroreflector imaging system have their focal planes co-aligned (see Figure 4-28 (b)), the attached relay optics becomes a part of the telescope. The combined
lens system cancels the inversion of the image plane and the inner pupil of the telescope
is passed on to the other side of the relay optic. The functionality of this telescope is therefore identical to a Galilean type and can be implemented with a single concave lens L2’ as
the second element replacing all three small convex lenses. Since this step affects only one
of the unfolded telescopes, both of them may still share a common external lens, but with
the second lens moved behind the beam splitter. Figure 4-28 (c) depicts a sketch of the
resulting optical layout with a Keplerian telescope at one end and a Galilean telescope at
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the other end. Compared to the initial configuration, the overall pathlength is significantly
reduced.
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Figure 4-28 Adding a telescope to the lens system based retroreflector
(a) leads to three separate lens systems in the unfolded beam path. (b) the
inner relay optic and the beam splitter may be moved along the optical axis
until the pupil planes of two lens systems are co-aligned. (c) the combined
lens systems are equivalent to a Galilean type telescope with fewer optical
components and a significantly reduced pathlength.
The telescope magnification factor 𝑀 = 𝑓! /𝑓& is determined by the ratio between the focal
lengths of the first and second lens, where the focal length of the concave lens L2’ in the
Galilean telescope is −𝑓& . The telescope magnification also has a direct impact on the reference point location of this design. For the determination of the reference point, the external telescope pupil plane is placed on the outer face of the first lens L1, without limiting
the generality. Consequently, the distance covered between the pupil planes is 𝑓! + 2𝑓& +
𝑓! /𝑀& for the Keplerian type telescope and 𝑓! − 2𝑓& + 𝑓! /𝑀& for the Galilean type, respectively, i.e., the pupil imaging effectively cancels (2 + 2/𝑀& )𝑓! from the round trip pathlength in terms of tilt-to-length. The residual pathlength after compensating for any glass
passages (white background in Figure 4-28) is the essential parameter that defines where
the reference point PC is located. The internal optical copy of the reference point is located
straight in the middle of this segment, but its position is not identical to the reference
point PC as seen by the external beams.
The internal beams encounter an angular magnification by the factor 𝑀, and lateral offsets
are magnified from the inside to the outside with the factor 𝑀 as well. Therefore, the reference point location as seen externally relative to the position of the external pupil plane
is
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The calculated reference point location is independent of the definition of pupil planes. If
the external pupil plane is shifted by 𝑑 away from the telescope, both of the internal pupil
planes move closer to the first lens by 𝑑/𝑀& . According to Eq. (4.15), this causes the distance between the external pupil plane and the reference point to increase by 𝑑, although
now measured from the shifted pupil position so that the actual reference point remains
constant.
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Figure 4-29 (a) depicts an example of a lens system based retroreflector with an embedded telescope. The telescope magnification is 𝑀 = 2.5 and the reference point PC is located on the line-of-sight at (354|0). When designing the actual system, it is important to
evaluate the curvature of the pupils and eventually use a telescope with more than two
lenses. This effect is even more prominent than before due to the magnification of the
telescope. Nevertheless, at least within a limited field of view, the optical pathlength
through the retroreflector is insensitive to variations of the angle of incidence (see Figure 4-29 (b)).
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Figure 4-29 The retroreflector with an embedded telescope (a) minimizes the number of elements in the measurement path compared to an external beam expander and allows for a very compact layout. (b) the
curvature of the pupil planes combined with the magnification of the telescope potentially could limit the usable field of view.
The total amount of optical elements may be further reduced by going from refractive
components to a reflective design, i.e., each pair consisting of a lens and a flat mirror can
be replaced by a single curved mirror.
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5 Experimental Evaluation and Verification
Following the successful integration of the optical metrology terminal, a measurement
campaign shall experimentally evaluate its performance in a dedicated verification setup.
The optical ground support equipment, named test metrology terminal, supports measurements of long-term stability, tilt-to-length coupling, and initial link acquisition. For the
latter two of these, the implemented beam steering subsystem facilitates variations of the
angle of incidence while the laser link is active. This chapter describes the design, assembly, and calibration of the test metrology terminal and its subsystems, as well as the measurement results for the optical metrology terminal.

5.1 Test Metrology Terminal
The test metrology terminal is the counterpart to the optical metrology terminal, which
has been developed and built in chapter 4, in order to establish a bi-directional laser link
with valid photodetector signals on either side. Figure 5-1 depicts the optical layout of the
test metrology terminal. The optical metrology terminal (labeled OMT) will be installed
into the test metrology terminal, virtually receiving and regenerating the laser beam at
the reference point PC [53]. The experimental setup comprises four individual laser
beams, each with a tunable frequency offset. A flat-top laser beam generator simulates the
received beam at the entrance of the optical metrology terminal. Beam steering actuators
and beam position measurements enable closed-loop control of the incident beam in four
degrees of freedom. Thermal expansion within the test setup caused by temperature variation of the laboratory environment is tracked with a dedicated reference interferometer. The following provides a quick overview of the various interferometers and
subsystems associated with the test metrology terminal.
Laser link
The flat-top laser beam experimentally simulates the beam received from a distant spacecraft. Due to the beam divergence and the large spacecraft separation, the beam profile
will grow in size and significantly exceed the entrance aperture of the other instrument.
Consequently, the curvature of the received wavefront is flat and the beam has a uniform
intensity. The flat-top beam traverses through the setup towards the optical metrology
terminal, which measures the relative phase against its local laser. Using the differential
wavefront sensing technique, the optical metrology terminal co-aligns the regenerated
transmit beam (colored in blue) anti-parallel to the incident flat-top beam via its steering
mirror. At the other end of the link, the reference photodetector PD'6Y measures the phase
difference between the two superimposed beams as well. Together with the quadrant
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photodetectors in the optical metrology terminal, the output of PD'6Y represents the measurement signal for the extraction of the displacement information between PC and BS2.
The optical path of this main interferometer is highlighted in Figure 5-2 (a).
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Figure 5-1 The optical design of the test metrology terminal comprises
four different laser beams, a flat-top beam generator, beam steering and
beam position measurements, and a reference interferometer. The components include flat mirrors, two motorized steering mirrors (SM), beam splitters (BS), a polarizing beam splitter cube (PBS), waveplates (𝜆/2, 𝜆/4), fiber
launchers (FL), and photodetectors (PD, QPD). The optical metrology terminal (OMT) on the left side is precisely aligned to the common reference point
(PC).
Beam-steering
A beam steering subsystem with two motorized tip/tilt mirrors SM1 and SM2 allows the
measurement of pathlength variations under various angles of incidence. The flat-top laser beam rotates about the reference point PC of the optical metrology terminal while it
remains static at PD'6Y . This effect corresponds to a rotation of the entire instrument
about its reference point but offers advantages over the implementation using a Hexapod,
which would need multi-dimensional nanometer-level reference metrology.
For closed-loop control of SM1 and SM2, QPD1 and QPD2 measure the orientation of the
simulated received laser beam. Since the flat-top beam exceeds the 5 mm diameter of the
QPDs and illuminates all segments uniformly, a superimposed auxiliary Gaussian beam
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Rx* is measured instead. The power of this ∅5 mm Gaussian beam is concentrated towards its center and even a small lateral offset causes a measurable effect on the optical
power distribution among the segments of the QPDs. Intensity modulation of the Rx*
beam facilitates the discrimination from all other light sources. QPD1 faces an optical copy
of PC and, therefore, measures the lateral beam position at the reference point. The effective pathlength towards QPD2 is 14.4 cm shorter so that from both position measurements and the calibrated lever arm also the horizontal and vertical beam angles can be
determined. The beam position and angle sensing system is highlighted in Figure 5-2 (b).
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Figure 5-2 The main features of the test metrology terminal involve
(a) the interferometric laser link to the optical metrology terminal (OMT),
(b) position and angle measurements for closed-loop beam steering control,
(c) the reference interferometer for compensating temperature and beamsteering induced pathlength variations, and (d) the calibration of the beam
splitters in the reference interferometer.
Reference interferometer
The beam steering subsystem has a significant impact on the main laser link, i.e., the pathlength between BS2 and PC. The additional reference interferometer depicted in Figure 5-2 (c) monitors this effect independent from the optical metrology terminal. Hence,
pathlength variations within the verification setup become distinguishable from the tiltto-length coupling of the optical metrology terminal. A static ∅2 mm reference laser beam
(colored in green) is superimposed to the flat top beam in front of PD'6Y and PDy$ , a local
optical copy of the reference point PC. This reference interferometer creates a reference
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point in the verification setup, such that a geometrical offset of the optical metrology terminal reference point leads to the same tilt-to-length coupling effect as it happens
onboard the spacecraft. A ∅0.1 mm pinhole in front of PDy$ minimizes the sensitivity of a
relative tilt between the flat-top beam and the reference beam into the beat signal amplitude so that gain-switching in the photodetector PDy$ can be avoided during measurements. The dynamic pathlength variation due to the beam steering is obtained by
calculating the beat signal phase difference among PD'6Y and PDy$ .
The tilt-to-length effect of the beam splitters BS5 and BS6 in the reference interferometer
can further be calibrated with the interferometer depicted in Figure 5-2 (d), which is discussed later on in section 5.7.3.
Temperature compensation
Due to the mounting concept of the optical metrology terminal and its virtual reference
point far beyond the baseplate, the path from the test metrology terminal up to the mounting frame incorporates the thermal expansion of the optical table made of steel. The optical metrology terminal itself and the optical path within, though, experience a significantly
better thermo-elastic stability. While monitoring all pathlength variations due to the
beam steering, the reference interferometer shall thus also implement the same effective
thermal expansion as the single-link to the optical metrology terminal.
With the optical metrology terminal placed into the verification setup, the single-link arm
length is 1 m, equivalent to the pathlength between BS2 and PC. Since towards PD'6Y the
reference beam combines with the flat-top beam at BS3 instead of BS2, its pathlength from
PBS to BS3 has to be 10 cm longer than from PBS to PDy$ in order to cover the entire 1 m
link. The pathlength of the flat-top beam in the reference interferometer, measured from
BS2 to PDy$ , is also identical to the single-link measurement length and cannot be tuned
due to its fixed pivot position (local optical copy of PC). The differential pathlength of the
reference beam (green) towards PD'6Y and PDy$ , however, provides the means to make
the reference interferometer sensitive to thermal expansion in order to become more similar to the laser link with the optical metrology terminal.
Towards the optical metrology terminal, only a segment of about 70 cm is sensitive to the
thermal expansion of the optical table. By increasing the pathlength of the reference beam
from PBS to PDy$ by 30 cm over the pathlength from PBS to BS3, the temperature sensitivity of the reference interferometer closely matches the single-link measurement with
the optical metrology terminal. The effectiveness of this compensation method relies on
uniform temperature variations throughout the entire experimental setup. Measurement
results comparing pathlength variations in both interferometers with the actual temperature of the setup are given in section 5.6.2.
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Multi-tone beat notes
The test metrology terminal requires four distinct laser beams: the flat-top beam, the
Gaussian beam for the beam-steering position measurement, the reference beam and the
beam transmitted from the optical metrology terminal. All beams together use a single
Mephisto 500 Nd:YAG NPRO laser from Coherent as a light source with a wavelength of
1064 nm locked to an optical reference cavity. For each beam, a fiber-coupled acoustooptic modulator (AOM) individually shifts the laser frequency by roughly 80 MHz with
variable relative offsets for the heterodyne signal generation. At some places in the setup,
e.g., PD'6Y , all beams mutually interfere simultaneously, generating six beat notes.
Digital signal processing
For advanced control capabilities such as phase locking and intensity stabilization, a fieldprogrammable gate array (FPGA) based digital signal processing unit computes the AOM
radio frequency (RF) input signals in real-time. Furthermore, the FPGA contains all beamsteering control loops and the digital phasemeter, which can measure the multi-tone beat
signals from up to 20 photodiode channels.

5.2 Flat-top Laser Beam Generator
At a spacecraft separation of 50 km, the laser beam will grow to a diameter of approximately 15 m at the remote satellite, further increasing with more distance. The overall
intensity profile still follows a Gaussian, but the small section received by the optical metrology terminal will have an almost constant intensity and a flat wavefront. For the experimental verification of the optical metrology terminal, the flat-top generator imitates
these properties and serves as the received beam (Rx) in all relevant pathlength measurements.
Specifications
Within a radius of 7.5 mm, i.e., 3𝑤1 of the local Gaussian beam that is superimposed inside
the optical metrology terminal, the flat-top beam shall have a uniform intensity distribution with variations of less than 5 % and wavefront deviations below 𝜆/10 from a perfect
flat. A wavefront quality of 𝜆/10 also complies with the specification for the mirrors and
beam splitters used in the verification setup. The outer diameter shall exceed the ∅25 mm
clear aperture of the 𝜆/4 waveplate at the entrance of the instrument without demanding
relay optics larger than ∅2". At the working distance 1 m apart from the generator, a wide
field of depth is highly preferred.
Implementation approach
The first option for the experimental realization of the flat-top beam is the reproduction
of the clipping effect from the real constellation in miniature format, e.g., with a bare fiber
end and a distant pinhole. Since the aperture clips most of the beam power, this option
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suffers from poor optical efficiency. It requires a magnifying pupil imaging system in order to replicate the flat-top beam at the instrument. Beyond the pupil plane, diffraction
artifacts limit the operational range.
A second option implements beam shaping via diffractive optical elements (DOE) in order
to transform a Gaussian beam into a uniform spot [74]. This type of elements offers high
efficiency above 95 % suitable for laser machining applications and surface treatments.
For optical metrology, however, the phase of the beam is even more important than the
intensity profile. Discrete phase elements and a rather short operational range of commercial DOEs with an unspecified wavefront quality comprise a high risk of error.
The third option is an apodized aperture that shapes the intensity profile of a collimated
beam such that artifacts in the diffraction pattern next to the center of the beam are
avoided. Its functionality is complementary to a petal-shaped occulter in front of a telescope for the suppression of nearby objects [75]. Due to the collimated beam, the flat-top
beam has about the size of the aperture and provides a wide operational range. Homogenous illumination of the clipping aperture leads to reduced optical efficiency.
The flat-top laser beam generator in the test metrology terminal implements an apodized
aperture because of its superior wavefront quality and the low number of required components.
Design and optimization
The petal-shaped aperture adds a Gaussian-like intensity drop around an inner circle in
order to minimize diffraction artifacts such as airy disks. The transmittance of the aperture as a function of the radius 𝑟 is [75]
𝑇(𝑟) = ﬂ

1

k0ë /
𝑒 0é í è

if 𝑟 ≤ 𝑎
if 𝑟 > 𝑎

(5.1)

with the inner circle 𝑎 and a Gaussian drop with radius 𝑏 and order 𝑛. Since an opaque
aperture made of a metal sheet allows only a local transmittance of 0 or 1, the transition
zone comprises 𝑁 rotationally symmetric petals (see Figure 5-3 (a)) shaped to induce an
average transmittance according to Eq. (5.1).
The laser source for the flat-top generator is the bare end of a polarization-maintaining
single-mode fiber. As a result of the small fiber core, the output beam of the utilized fiber
has a 1/𝑒 & divergence of about 5.1°, determined with the knife-edge beam profiling technique, and an almost perfect spherical wavefront in the far-field. Consequently, the minimum required distance for a collimation lens is about 500 mm in order to comply with
the intensity specification. At 1064 nm, the selected plano-convex lens LA1380-C from
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Thorlabs has an effective focal length of 508 mm resulting in a collimated Gaussian beam
with a waist radius of 45.3 mm irradiating the aperture.
The optimization for the aperture parameters 𝑎, 𝑏, 𝑛, and 𝑁 uses the simulated annealing
algorithm [76] and calculations of the Fresnel diffraction [77]. In each iteration of the simulated annealing approach, a random variation of one of the parameters creates a new
diffraction pattern computed in Fourier space using GPU acceleration. The objective function evaluates four aspects of the diffraction pattern at a distance of 1 m: the variance of
the phase within the inner circle, the variance of the intensity within the inner circle, irradiance peaks above the average outside the inner circle, and the cumulative intensity
outside of ∅30 mm. Table 5-1 lists the parameters that offer the broadest operational
range after several optimization runs.
Table 5-1 Optimized parameters for the apodized aperture
𝒂

𝒃

6.85 mm 5.41 mm

𝒏

𝑵

3.647

8

Experimental setup and validation
In the first step, the optimization results are validated using Zemax OpticStudio Physical
Optics Propagation. Instead of illuminating the apodized aperture with a collimated
Gaussian beam, the aperture now clips the divergent beam straight in front of the collimation lens, avoiding multiple clipping events throughout the optical chain. Even so, the
simulation gives excellent results and confirmation in terms of the irradiance (Figure 5-3
(b), 4 % uniformity) and phase profile (Figure 5-3 (c), 𝜆/50 peak-valley).
In the second step, the flat-top beam generator is set up in the laboratory for experimental
verification. Figure 5-1 depicts the optical design as a part of the test metrology terminal.
The manufacturing of the apodized aperture (Figure 5-3 (d)) includes blackening (laser
surface treatment) and laser cutting of a copper sheet. Figure 5-3 (e) shows a measurement of the intensity of the flat-top beam. However, due to the limited sensor size of the
profiling camera, the beam was compressed for this measurement with a single focusing
lens, in order to see the full geometry. As a result, the image plane does not correspond to
the nominal working distance, which leads to a slightly different diffraction pattern in the
petals. A measurement of the wavefront quality in the center of the beam with a ShackHartmann wavefront sensor reveals a flatness of 𝜆/14.5 peak to valley (Figure 5-3 (f))
even with two additional 𝜆/10 folding mirrors in the setup.
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Figure 5-3 Flat-top laser beam generator uses (a) a ∅30 mm apodized aperture optimized for the least diffraction artifacts in the (b) intensity and (c)
phase profile near the center of the beam. Experimental evaluation with (d)
an aperture laser machined from copper foil shows (e) a constant intensity
and (f) a flat wavefront 1 m behind the aperture.

5.3 Digital Signal Processing
All real-time tasks including the RF signal generation for the AOMs, evaluation of the optical beat signals, and calculation of the required control functions take place in the digital
domain within an FPGA system. The block diagram in Figure 5-4 gives an overview of the
various interfaces between the FPGA and the other components of the test metrology terminal. Black arrows indicate components associated with the signal generators; the red
arrows interconnect the beat signals from the photodetectors to the phasemeter; green
arrows are for elements related to beam-steering; blue arrows represent high-level control functions of the measurement setup. The deep integration of the reconfigurable FPGA
in the setup provides high flexibility while minimizing the number of external devices.
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Figure 5-4 The block diagram of the verification setup illustrates the
scope of the FPGA as the central element of the system responsible for all
real-time digital signal processing tasks.
The FPGA system is a commercial PC821 PCIe board from Abaco Systems (former 4DSP)
with a Xilinx Kintex UltraScale KU115 [78]. Two mezzanine cards provide high-frequency
analog interfaces [79, 80]:
§

FMC144:
4 × ADC, 16 bit, up to 370 Msps
4 × DAC, 16 bit, up to 2.5 Gsps (2 × interpolated)
Clock: internal or external reference

§

FMC116:
16 × ADC 14 bit, up to 125 Msps
Clock: internal or external reference, external output

Furthermore, the FPGA board offers a general-purpose input/output pin header with a
total of 18 additional signal lines, which is used to connect additional external hardware
specifically built for the test metrology terminal. For phase measurements with at least
milli-cycle accuracy, it is favorable to operate all converters with a shared stable reference
clock, e.g., a GPS-locked rubidium frequency standard. The necessary adaptations in the
FPGA code and the host software turned out to be quite extensive, as several programming and logic errors in the reference design of the supplier randomly spoiled the data
integrity and had to be identified and fixed (see Appendix I).
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5.3.1 FPGA clocking scheme
The data communication interface of the FMC144 mezzanine card driver (reference design) operates at a quarter of the sampling frequency of 370 MHz, i.e., at 92.5 MHz, sending and receiving four samples per channel every clock cycle at the same time. This clock
frequency is also reasonably close to the maximum sampling frequency of the FMC116
card so that the entire signal processing chain in the FPGA is synchronized to a single
common clock signal.
As the FMC116 is equipped with an external reference clock input and a clock output, it
generates the 92.5 MHz sampling clock from an external 10 MHz reference clock with its
output connected to the FMC114. The clock tree of the FMC144 uses an LMK04828B clock
jitter cleaner with dual-loop PLLs [79, 81]. After some modifications of the PLL configuration (compared to the reference design provided by 4DSP), the sampling clock frequency
is set to be exactly four times the input frequency while also resolving an issue of periodic
frequency modulations (Appendix I). A tiny frequency difference in the PLL ratio would
inevitably lead to cycle slips among the two mezzanine boards. Within the FPGA, a first in
- first out (FIFO) data buffer with a depth of eight elements handles the clock domain
crossing of the ADC values from the FMC116 to the FMC144 clock.
The frequency at which the DACs of the FMC144 receive new samples is identical to the
ADC frequency. As an improvement of the reference design, internal interpolation is configured in the DAC DAC38J84 itself in order to increase the sampling frequency by a factor
of four to 1480 MHz [82]. Hence, the spectral images are well above the AOM signal frequency of 80 MHz, and even the analog bandwidth, producing a very clean output signal.
Altogether, these analog interfaces produce a continuous data stream with a throughput
of 8.5 GByte/s demanding real-time computation during measurements.
Since the four available high-frequency DACs provide the AOM RF signals, additional analog outputs are required for the beam steering subsystem. Via a custom interface board
connected to the general-purpose input/output header of the FPGA board, up to six external devices such as more ADCs and DACs can communicate directly with the FPGA (see
Appendix F). Each of these serial interfaces is electrically isolated from the FPGA and is
compatible with the position sensing photodiode amplifier (cf. section 4.4.2), which also
includes the ADC chip. Table 5-2 outlines all of the analog interfaces used in the setup. The
lower frequency sampling clock signals are synchronously derived from the common
92.5 MHz clock.
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Table 5-2 Analog interfaces connected to the FPGA
Unit

Direction Resolution

Sampling Frequency

Application

FMC144
FMC116

4 × ADC
4 × DAC
16 × ADC

16 bit
16 bit
14 bit

370 MHz
1480 MHz (4 × interp.)
92.5 MHz

Phasemeter
AOM signal
Phasemeter

3 × LTC2344
STM32F103
DAC8568

4 × ADC
16 × ADC
8 × DAC

18 bit
12 bit
16 bit

86 kHz
1 kHz
156 kHz

Position sensing
QPD DC readout
Beam steering

5.3.2 Signal generator for acousto-optic modulation
In the experimental setup, four fiber-coupled AOMs produce an up-shift of the laser frequency that is equivalent to the RF input signal. The flat-top beam and the fiber coupler
in the optical metrology terminal receive their laser signal from two Gooch & Housego
M080-2G-F2P AOMs while the Gaussian position sensing beam and the reference beam
come from two Brimrose AMF-80-10-1064-2FP AOMs [83, 84]. All of these AOMs have a
center frequency between 77 and 80 MHz with a 3 dB bandwidth of about 7 MHz. At the
operating point, the transmitted laser beam power has almost a linear relation to the RF
input amplitude. Therefore, the AOMs provide all prerequisites for frequency, phase, and
intensity modulation of each laser beam.
Direct digital synthesis
The FPGA implementation of the RF signal generators follows the concept of direct digital
synthesis (DDS). In every clock cycle, the phase register accumulates a phase increment
𝑓, which defines the signal frequency and enables frequency modulation. An overflow of
the 32 bit phase accumulator carries out the equivalent of a modulo 2𝜋 operation. The
word lengths given in Figure 5-5 allow for a granularity in steps of 0.086 Hz and 1.46 nrad
at the sampling frequency of 370 MHz. The output signal of the phase accumulator receives a variable offset 𝜙, which can shift the phase of the RF signal endlessly without
causing jumps. A look-up table contains the sinusoidal waveform but is according to the
DDS principle merely addressed by the most significant bits (MSBs) of the phase signal.
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Figure 5-5 The AOM signal generator is based on direct digital synthesis
and offers controls for real-time frequency, phase, and amplitude modulation implemented in an FPGA.
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Linear noise shaping
Whenever the FPGA design needs to truncate the least significant bits (LSBs) in a critical
signal, noise shaping is implemented. Due to the noise shaping, the truncated signal dithers around the value of the input signal and shifts the quantization noise from a white
noise to higher frequencies. Also, all of the implemented control loops consequently use
noise shaping in order to take advantage of the full sampling frequency and improve DC
accuracy. Particularly at the output of a DAC, noise shaping in combination with an analog
lowpass filter improves the signal-to-noise ratio compared with plain truncation. Therefore, at the output of the signal generator in Figure 5-5, following the amplitude modulation 𝐴 and before offset correction, noise shaping matches the word length to the DAC.
In the actual implementation of the signal generator, however, several instantiations of
the look-up table and amplitude modulation stage are required in order to compute the
next four output values within a single clock cycle. Still, the high clock frequency of
92.5 MHz necessitates extensive pipelining and efficient logic usage.

5.4 Phasemeter
The phasemeter extracts the relative phase between two laser beams on a photodiode via
a measurement of the beat signal phase. In orbit, relative motion between the spacecraft
injects Doppler shifts to the laser beam so that the phasemeter has to acquire and track
the beat signal frequency [85, 86]. In the experimental laboratory setup, however, all
beams originate from the same laser, and the beat frequencies are well known. The evaluation of the beat notes generated by the flat-top beam when superimposed with both the
beam launched from the optical metrology terminal as well as the reference beam is mandatory in order to obtain valid measurement signals. Nevertheless, supplementary phase
measurements among the three beams of the test metrology terminal enable more indepth performance analysis of the phasemeter (e.g., the 3Beat measurement at the end of
section 5.4) and allow for intensity stabilization without dedicated photoreceivers. Accordingly, each phasemeter channel computes the amplitude and phase of four beat notes
relative to an internal reference signal.
Reference signal generation
The frequency difference among the four laser beams is equal to the respective frequency
difference of the AOM signal generators. Phase and amplitude control capabilities of the
AOM RF signal primarily counteract effects caused by the optical fibers but should not
alter the phasemeter reference. Therefore, the values of the phase accumulators before
phase modulation are subtracted from each other. The range of the phase difference signals is mapped to the interval [0,2𝜋) providing the internal phase reference for the phasemeter. This time, the subsequent look-up tables generate both a sine and a cosine output
signal. Each table stores merely a quarter sinewave with 2!a entries implemented as
16 bit dual-port read-only memory and manipulates the index signal for values above 𝜋/2.
110

Phasemeter
Since the ADC sampling frequency is four times higher than the clock frequency, timedivision multiplexing is hardly feasible, and so each reference signal requires a total of
four co-existing look-up tables. In combination with the AOM signal generators, the lookup tables alone occupy more than 4.2 MByte (44 %) of the FPGAs blockram resources and
generate a constant data stream of 8.3 GByte/s.
The implemented reference signal generation still allows tuning of the AOM signal frequency at runtime since the reference signals immediately pick up the altered phase
slope. Table 5-3 lists the selected AOM and beat signal frequencies used in most of the
measurements as an example. All beat signals are well within the passband of the photodetectors while the AOMs maintain a high first-order conversion efficiency. The separated
spectral distribution of the beat frequencies allows for a high control bandwidth.
Table 5-3 Signal generation and beat signal frequencies

DAC Channel
Frequency [Hz]
Flat-top
Rx*
Reference

Flat-top

Rx*

Reference

OMT

AOM 0
78 000 000

AOM 1
79 715 613

AOM 2
78 333 333

AOM 3
78 053 639

1 715 613

333 333
1 382 280

53 639
(1 661 974)
(279 694)

Digital phase measurement system
A sinusoidal signal with known frequency but arbitrary phase and amplitude can be expressed as a linear combination of two normalized cosine and sine signals with the same
frequency. For a dynamic input signal, the two coefficients vary as a function of time and
in communications engineering are often named in-phase signal (I) and quadrature signal
(Q), respectively. The IQ-demodulation estimates these two signals by continuously mixing the input signal with the sine and cosine signals and applying a lowpass filter. This
step is equivalent to a time-varying inner product or a correlation function.
Figure 5-6 depicts a single-channel block diagram of the implemented all-digital phasemeter. The phasemeter computes the IQ-demodulation on all high-speed ADC channels
ADC/ at multiple beat frequencies using the internal reference signals 𝜙ÉÉ3,K and 𝜙ÉÉ3,ì .
After deriving the phase difference 𝜙ÉÉ3,K − 𝜙ÉÉ3,ì , a first-order noise shaping filter separates the MSBs, which then address a look-up table with a sine and cosine output.
The lowpass filter following the digital mixer with the ADC signal is a cascade of three
first-order filters with a tunable cut-off frequency. 10 kHz turned out to be robust against
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cycle slips caused by vibrations during beam steering but still offers adequate control
bandwidth for phase locking and intensity stabilization.
Since the photodetector signal comprises several sinusoidal beat signals simultaneously,
each individual signal must have a reduced amplitude compared to the ADC range in order
to avoid clipping. The implemented fixed-point arithmetic in the FPGA maintains a generous number of LSBs so that the processing of weak input signals maintains as much information as possible.
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Figure 5-6 The all-digital phasemeter is based on an I/Q-demodulation
for extracting the phase information of the optical beat signals. The internal
reference signals 𝜙ÉÉ3,K and 𝜙ÉÉ3,ì are derived from the unmodulated phase
register of the AOM signal generators 𝑖 and 𝑗, respectively. The phase unwrapping operation precedes the decimation filter in order to be able to
track dynamic input signals without unrecoverable phase jumps.
From the in-phase and quadrature signals, the arctangent reveals the relative phase between the reference signal and the beat signal. While the IQ-demodulation happens at the
full sampling frequency, the iterative CORDIC5 arctangent implementation computes new
values at a rate of 1 MHz. Looking at the IQ signals as a pointer in the complex number
plane, the CORDIC algorithm successively rotates it towards the positive real axis of the
coordinate system. The angularly decreasing rotation matrices comprise only ones and
powers of two for an efficient hardware implementation. In the end, the quadrature component is approximately zero, and the in-phase value holds the signal amplitude. From
tracking the angle and sense of rotation within each step of the algorithm, the total rotation angle, which corresponds to the phase difference, is calculated. In order to keep the
error of the arctangent calculation negligible, the computation involves 26 iterations, a
32 bit angle look-up table, and the amplitude of the input signal is whenever necessary
bit-shifted to cover at least 28 LSBs.
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Phase unwrapping after the arctangent calculation with four additional MSBs decreases
the risk of undetected or unrecoverable cycle slips caused by fast motion or vibrations in
the test metrology terminal, and pathlength variations remain unambiguously resolvable
even at a reduced sampling frequency. A 32 bit word length is maintained at the output of
the unwrapping since even when shifted to four integer bits, the granularity is as fine as
23 nrad and the modularity of the phasemeter architecture is improved.
Phase stabilization
Each interferometer in the experimental setup measures differential phase shifts between
two laser beams among two different photodetectors. Variations in the phase that occur
along the path from the laser source up to the first beam splitter are therefore not directly
relevant for the measurement (common mode effects). At the photodetector PD'6Y , all laser beams are phase-locked in order to reduce non-linearities and simplify the measurement evaluation by compensating for variations caused by thermal expansion, primarily
due to the optical fibers. Since phase measurements of the flat-top beam against all other
beams are available, it serves as the common reference for phase stabilization. The corresponding phasemeter channels deliver the phase error to three PID regulators that act on
the phase modulation input of the signal generators associated with AOM 1, 2, and 3. The
AOMs offers superior control bandwidth compared to, for instance, a piezo mirror. More
importantly, the digital integrator in the regulator wraps around at 2𝜋, giving an unlimited range of phase actuation.
Intensity reconstruction
Reconstruction of the laser beam intensities from the beat signal amplitudes at PD'6Y allows the optical setup of the test metrology terminal to omit dedicated intensity photodetectors. Based on Eq. (1.4), the superposition of all four beams produces an intensity
signal at the photodetector of
𝐼(𝑡) = 𝐼1 + 𝐼! + 𝐼& + 𝐼?
+ 𝐼1! cos(2𝜋𝑓1! 𝑡 + 𝜙1! ) + 𝐼1& cos(2𝜋𝑓1& 𝑡 + 𝜙1& )
+ 𝐼1? cos(2𝜋𝑓1? 𝑡 + 𝜙1? ) + 𝐼!& cos(2𝜋𝑓!& 𝑡 + 𝜙!& )

(5.2)

+ 𝐼!? cos(2𝜋𝑓!? 𝑡 + 𝜙!? ) + 𝐼&? cos(2𝜋𝑓&? 𝑡 + 𝜙&? )
with the beat frequencies
𝑓Kì = u𝑓K − 𝑓ì u

(5.3)

𝐼Kì = 2f𝜂Kì 𝐼K 𝐼ì

(5.4)

and intensity
between the laser beams 𝑖 and 𝑗.
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The first three beams are certainly static at PD'6Y so that the heterodyne efficiencies 𝜂Kì
are supposed to be constant. Therefore, various combinations of Eq. (5.4) yield
𝐼1! 𝐼1&
𝜂1! 𝜂1&
= 2L
𝐼
𝐼!&
𝜂!& 1

→

𝐼1 ∝

𝐼1! 𝐼1&
,
𝐼!&

(5.5)

𝐼! ∝

𝐼1! 𝐼!&
,
𝐼1&

(5.6)

𝐼& ∝

𝐼1& 𝐼!&
,
𝐼1!

(5.7)

and

which is proportional to the intensity of the first three beams 𝐼1 to 𝐼& , respectively. The
laser beam originating from the optical metrology terminal is quasi-stationary at PD'6Y as
well but passes through three actuated mirrors. Therefore, and because its phase is measured merely against the flat-top beam, its intensity reconstruction is computed as
&
𝐼1?

=

&
4𝜂1?
𝐼1 𝐼?

→

&
1 1 𝐼1?
𝐼? =
.
4 𝜂1? 𝐼1

(5.8)

In the hardware implementation, however, it is more efficient to multiply the setpoint of
the control loops with the denominator instead of calculating the quotient.
Digital Readout
While the beat signals and control-loops necessitate high-frequency signal processing, the
measurement frequency range is in the sub-Hertz regime. Therefore, a reduction of the
sampling frequency facilitates measurements that last several hours or even days without
losing any information in the measurement band. The anti-aliasing lowpass filter implements a fourth-order cascaded integrator-comb (CIC) structure [87] with a decimation
factor of 2!a from 1 MHz to about 15 Hz. Despite the integrators and differentiators, the
CIC filter has a finite impulse response and a linear phase, i.e., a constant time delay. Integer multiples of the output sampling frequency hold zeros in the transfer function, avoiding aliasing artefacts at very low frequencies. Finally, a continuous readout signal is sent
to a computer for visualization, storage, and post-processing. A more detailed overview
of the graphical user interface can be found in Appendix J.
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Performance evaluation
The phasemeter shall not be the limiting factor in the experimental setup and needs to
perform well below the nanometer level. Figure 5-7 depicts the result of the performance
analysis using three kinds of beat measurements, including the full signal processing
chain with photodetectors and ADCs:
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Figure 5-7 The performance evaluation of the phasemeter with optical
beat signals verifies an accuracy, which is significantly below the nanometer
scale.
§

The first measurement (“3Beat” in the legend of Figure 5-7) involves mutual phase
measurements among the three static laser beams at PD'6Y , i.e., flat-top, Rx*, and
reference beam. Ideally, the calculation 𝜙1! + 𝜙!& − 𝜙1& should produce a zero signal, but the residuals of about 10 pm/√Hz indicate the actual phasemeter performance in this configuration. Since the individual phase signals have different beat
frequencies, this measurement variant has the least common-mode rejection.

§

The second measurement (“2Beat”) compares the same beat signal between two
adjacent segments of one quadrant photodetector. As a result of the common mode
suppression, the residuals decrease towards higher frequencies. However, like the
differential wavefront sensing technique, this type of measurement is highly sensitive to relative tilts between the laser beams. For the utilized beat between the
flat-top beam and the reference beam, 0.1 nm/√Hz corresponds, in this particular
case, to just about 243 nrad/√Hz, which is at least one order of magnitude below
pointing jitter requirements for future gravity missions. The noise shape in the frequency domain shows large similarities to temperature variations of the experimental setup (cf. section 5.6.2).
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§

The third measurement (“QPD1/2”) is the phase difference between the two quadrant photodetectors of the optical metrology terminal. At frequencies below
0.1 Hz, the result is very similar to the 3Beat measurement. The small peak around
0.04 Hz appears in the temperature data as well (cf. section 5.6.2), affecting the
two redundant paths of the pupil imaging system slightly differently.

5.5 Beam Steering
The beam steering subsystem allows for varying the angle of incidence at the optical metrology terminal, mainly for the purpose of measuring the tilt-to-length coupling effect.
Two motorized mirrors rotate the incident laser beam about the reference point of the
instrument in closed-loop control. At the same time, the steering mirror in the optical metrology terminal co-aligns its own laser beam using the fast steering mirror and the differential wavefront sensing technique.
Position sensing
Two ∅5 mm QPDs sense the beam angle and beam position through the power distribution among the individual segments. An additional signal generator in the FPGA with an
output frequency set to 2222 Hz drives the amplitude modulation control input of the
AOM 1 signal generator, in order to distinguish the Rx* laser beam at the QPDs from the
other beams. At this relatively low frequency, there is no significant phase delay through
the electrical and optical chain, and the in-phase component, after demodulation, contains
a measurement of the received optical power. The difference between the optical power
impinging the upper and lower segments or the left and right segments, normalized to the
total power, serves as the QPD position sensing signal and indicates the horizontal and
vertical position offset of the beam relative to the photodetector, respectively.
Figure 5-8 depicts the calibration measurement of the beam angle. SM1 and SM2 are actuated such that the beam remains centered on QPD1, a local optical copy of PC, while the
vertical position on QPD2 is increased stepwise. The lateral position offset of the laser
beam of up to a few centimeters is measured 5 m away from the pivot and reveals the
actual angle. At small angles, the response is linear with an effective distance between
both QPDs of 144.4 mm. Using this distance from a linear fit in a numerical computer simulation with a Gaussian beam profile and the real QPD geometry shows good agreement
with the measurement. Therefore, this simulation provides the setpoints for the beam
steering control loops in order to take the non-linearities into account.
The distance between both QPDs in the order of 15 cm is a good compromise among sensitivity, linearity, and range. For small angular deviations from the optical axis, the sensitivity increases linearly with the distance due to a greater lateral offset of the beam spot
at the QPD. Once the beam offset approaches the sheer slope in the Gaussian profile, the
sensitivity is significantly reduced and limits the maximum range. Furthermore, the finite
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size of the QPD starts to clip the outer parts on one side of the beam. Even with the other
beams present on the QPD and sinusoidal intensity modulation, the selected parameters
allow for sub-micron position sensing accuracy and, therefore, a micro radian level angular resolution.
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Figure 5-8 The calibration of the beam position sensing subsystem reveals the effective distance between both QPDs from the linear slope at
smaller angels and fully agrees with the computer simulation model.
Motorized actuation
Both motorized mirrors SM1 and SM2 in the test metrology terminal are Newport 8853
gimbal mounts with an angular resolution (mech.) of 0.7 µrad [88]. As long as the distance
between SM1 and SM2 is shorter than the 0.6 m pathlength from SM2 to the center of
rotation at PC, the mirror mount of SM2 defines the angular granularity of the actuated
flat-top beam. Otherwise, the regulator would need to compromise between angular and
positional accuracy. With a maximum beam tilt of 5 mrad relative to the nominal optical
axis, the beam position at SM2 handles a lateral offset of up to 0.6 m ⋅ 5 mrad = 3 mm.
Hence, the mechanical angular range of ±4° of the motorized mirror mounts requires a
separation between the two mirrors of at least 30 mm, not including any alignment tolerances. Such a short distance, however, would dramatically limit the angular velocity of the
whole beam steering subsystem. Therefore, the mirror separation is set to 25 cm, which
allows for a maximum velocity of about 400 µrad/s at a 1 kHz step rate.
The pulsed waveform required by the piezo stepper actuators is computed inside the
FPGA and sent to a DAC8568 8-channel DAC, which is part of the custom beam steering
rack depicted in Figure 5-9. The rack provides six high-voltage piezo drivers and two low
voltage control signals for the steering mirror in the optical metrology terminal. The piezo
amplifiers combine a Class A gain stage and a Class AB push-pull power amplifier with a
current limit of ±200 mA (see Appendix G).
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Figure 5-9 The beam steering driver rack comprises an 8-channel DAC,
six high-voltage piezo amplifiers, and two low-voltage analog control signals
for the steering mirror in the optical metrology terminal.
Closed-loop control
The motorized actuators themselves are sensor-less, and their slip-stick step size might
not be equidistant. Therefore, the beam steering regulator has to turn the setpoints and
the deviation from the position sensing information into horizontal and vertical steps for
both mirrors SM1 and SM2. The actuators on their own are identical, but a single step of
SM1 causes a more significant position offset at PC due to a greater lever arm.
For this reason, the controller design implements four independent regulators concerning
the vertical and horizontal position and angle, respectively. The piezo stepper waveform
generator runs at a constant frequency of 1 kHz, and the individual regulators can either
issue a step forth, a step back, or skip the next step. If the position deviation at QPD1 exceeds an adjustable dead zone 𝛿, the regulator initiates a step of SM1. In order to control
SM2 independently, the process variable is not the position on QPD2 but the difference
between QPD2 and QPD1, corresponding to the beam angle. In a noiseless computer simulation of this control loop design, the mirrors carry out precisely as few steps as possible
in order to reach a new setpoint.
The parameters of the regulators, as well as the setpoints, can be changed on the fly, offering the ability to steer the beam along arbitrary and complex tracks without changing
the FPGA design. For measurements of the tilt-to-length coupling (cf. section 5.7), the control loop alternates between a coarse and a fine mode in order to minimize unnecessary
steps due to sensing noise. When new setpoint values arrive, the control loops increase
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the hysteresis 𝛿 until all regulators are close to the setpoint. After that, a very small hysteresis value improves the final accuracy for a short time, and then the control loop turns
off, remaining stationary and waiting for a new setpoint.
5.5.1 Differential wavefront sensing
In contrast to the beam steering in the test metrology terminal setting the absolute angle
of incidence, the steering mirror in the optical metrology terminal co-aligns the beam
from the fiber coupler relative to the incident beam. Figure 5-10 depicts measurements
of the DWS signals (cf. section 4.3.5) with a steady received beam and the steering mirror
performing a linear (a) horizontal and (b) vertical motion. In the linear region, the coupling factors from relative beam angle to phase shift agree quite well with the computer
simulation. The blue and red lines in Figure 5-10 (b) indicate that the manually set horizontal orientation of the steering mirror during this measurement was not perfectly
aligned with respect to the incident beam and shows a residual tilt of about 40 µrad (optically). At large relative tilts, the reduced heterodyne efficiency leads to a significant reduction of signal power and increased measurement noise. Nevertheless, the
characteristic s-curve due to phase cancellation of the interference pattern within a single
segment is noticeable in the measurement data. Once the DWS signals are available this
technique provides the error signals for the steering mirror control loop. By closing the
feedback loop, the relative tilt between the two beams is actively removed and the local
beam starts to track the angle of the received beam continuously.
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Figure 5-10 The differential wavefront sensing signals as measured with
an actuated steering mirror and a static received beam at the optical metrology terminal show a good agreement in the linear region with a numerical
computer simulation.
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5.6 Long-Term Stability
The long-term stability of the experimental setup primarily follows the thermal stability
of the laboratory environment. Figure 5-11 depicts the verification setup with the optical
metrology terminal on the left side and the test metrology terminal on the right-hand side.
The breadboard on the upper floor distributes the laser source to four fiber-coupled
AOMs. Thermal expansion noise of the optical table is more significant than all temperature effects of the optical metrology terminal combined. Therefore, a passive thermal enclosure isolates the setup with a 3 mm thick layer of aluminum and about 3 cm of foam
from the surrounding environment. Analysis of the long-term stability within the full
measurement band necessitates a measuring period of several hours or, preferably, an
entire weekend with a constant thermal environment.

Figure 5-11 The experimental verification setup with the optical metrology terminal on the left side and the test metrology terminal on the right
side surrounded by a thermal enclosure made of aluminum and foam.
5.6.1 Pathlength stability
During long-term measurements of the pathlength stability, all laser beams of the test metrology terminal remain static while the steering mirror in the optical metrology terminal
co-aligns its own laser beam in closed-loop control. The single link displacement signal
𝛿𝑙(𝑡) =
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ÇÉ789
ÇÉ
ÇÉ
(𝑡) − 𝜙1?
(𝑡)â −
à𝜙1?
à𝜙1& :; (𝑡) − 𝜙1& 789 (𝑡)â
{|||||||||}|||||||||~
{||||||||}||||||||~
2𝜋 2
2𝜋
}<V #,%6' #*+î

(5.9)
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is computed as the difference of the beat signal phase 𝜙(𝑡) among PD'6Y and the QPDs in
the optical metrology terminal, compensated by the reference interferometer signal.
𝜙1? (𝑡) corresponds to the beat signal between the flat-top beam and the beam launched
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from the optical metrology terminal. 𝜙1& (𝑡) emerges from the beat between the flat-top
beam and the static reference beam (see Table 5-3 for the numbering scheme). The beat
signal phase at the quadrant photoreceivers is calculated as the canonical phase average
over the individual segments. Figure 5-12 shows the amplitude spectral density of two
independent overnight measurements. The results are well reproducible and stay below

Displacement [nm/ (Hz)]

10 nm/√Hz times the NGGM noise shape function (cf. section 1.3). Air fluctuations and
temperature variations seem to limit the accuracy, as this level of measured stability required additional foam barriers in between the beam paths. The peak at about 0.04 Hz
also appears in the temperature data (see section 5.6.2). In addition to thermal expansion
of the optical table, the spatially separated path of the interferometers is at this frequency
range also affected by changes in the refractive index of air. With a disjunct pathlength of
about 60 cm and temperature dependence in the order of d𝑛/d𝑇 ≈ 100a K 0! (cf. section
3.2), a differential temperature shift of 2 mK already causes nanometer variations. A timedomain comparison of the two individual interferometer signals of the long-term measurement from 2019-04-02 together with the temperature curve is shown in the following
section in Figure 5-14.
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Figure 5-12 The long-term stability of the experimental setup offers a displacement measurement accuracy below 10 nm/√Hz limited by air fluctuations and temperature variations in the measurement band.
5.6.2 Temperature stability
A custom 6-channel temperature measuring instrument designed for a sensitivity of
100I K/√Hz provides information about temperature variations and gradients. The sensor elements comprise a bridge circuit and a 10 kΩ NTC thermistor. Signal conditioning
and conversion takes place in an ADS124S08 ADC [89] with an STM32F1 microcontroller
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USB computer interface (see Appendix H). Figure 5-13 shows the amplitude spectral density of the long-term measurement from 2019-04-02.
The temperature sensors within the enclosure indicate thermal stability well below the
expected spacecraft environment with an increase of the noise level at 0.1 Hz towards
lower frequencies. At higher frequencies, the signal reveals the noise limit of the temperature measurement system. A comparison with the measurement data from outside the
box shows a significant improvement in stability. However, the sensor at the lid (made of
POM and foam) indicates lower isolation at the top of the box and shows a broad peak
with a maximum at about 0.04 Hz. This peak in the temperature signal couples into the
displacement measurement and therefore also appears in the amplitude spectral density
of the long-term pathlength stability.
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Figure 5-13 The temperature stability of the verification setup highly
benefits from the thermal isolation enclosure and reaches a level close to the
sensor noise of 100I K/√Hz.
The correlation between temperature and pathlength shows up even more clearly in the
time domain signals. Figure 5-14 overlays the pathlength variations measured in the laser
link to the optical metrology terminal and the reference interferometer (see Eq. (5.9))
with the temperature signal. A pathlength of about 0.7 m is sensitive to thermal expansion
of the optical table. Figure 5-14 indicates that a temperature shift of 0.14 K leads to a displacement of roughly 1.3 µm, which is fairly close to the CTE of steel and confirms the
correct computation of the photodiode signals. However, the unequally distributed power
dissipation of the surrounding setups in the laboratory and the outlet of the air condition-
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ing on the right-hand side, cause temperature gradients of more than 1 K within the enclosure. Hence, at low frequencies, there are significant differences between the two interferometers in the hundred-nanometers regime.
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Figure 5-14 The temperature and pathlength signals during long-term
measurements show a distinct correlation. The temperature signal is measured at the left rear sensor close to the optical metrology terminal.

5.7 Tilt-to-Length Coupling
The measurement of the tilt-to-length (TTL) coupling continuously tracks the optical
pathlength during variations of the angle of incidence. For this purpose, the full field of
regard is investigated with the incident laser beam at the optical metrology terminal following a parametric scan pattern. The measured single-link displacement signal comprises tilt-to-length effects induced by the instrument itself and also effects due to the
beam steering in the test metrology terminal. The reference interferometer (cf. section
5.1) measures the actuated laser beam with respect to a static reference beam in order to
capture the beam steering effect separately and compensate it when subtracted in postprocessing.
5.7.1 Scan pattern
The sampling is not carried out with a continuously actuated beam but during the dwell
time at discrete angular steps, as otherwise vibrations due to the piezo steppers could add
noise to the pathlength signal. Based on the design of the optical metrology terminal, the
tilt-to-length figure is expected to be smooth without significant high-frequency components allowing for a moderately sparse sampling of the field of regard.
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The scan pattern shall meet three basic requirements:
§
§
§

Short total travel distance for fast measuring times and preservation of the piezo
stepper lifetime
Repeatedly go through the nominal angle of incidence aligned with the optical axis
of the instrument in order to detect and compensate for slow drifts
Scalability with flexible adjustment of sampling resolution and measuring time

Figure 5-15 depicts the selected scan pattern defined by an outer radius of 5 mrad, eight
spokes, and ten sampling points from the center towards the edge. The angular beam path
(blue line) is not the result of a simulation but shows real measurement data. When the
path approaches the next sampling point, it arrives with a small lateral offset as the beam
steering controller is in the coarse mode and switches to the fine mode just next to the
target. The beam steering controller is disabled for a dwell time of 3 s before aiming towards the next sample point. The oblique lines of the actual path significantly deviate from
45° due to the motorized mirrors in the test metrology terminal, which have a higher optical gain for horizontal steps compared to vertical steps by a factor of √2.
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Figure 5-15 The tilt-to-length scan pattern determines the angle of incidence at the optical metrology terminal during the measuring sequence.
This graph shows the scan pattern as recorded by the acquisition sensor in
the optical metrology terminal.
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5.7.2 Experimental evaluation
Both the optical metrology terminal and the test metrology terminal possess a nominal
beam axis and a reference point. Precise co-alignment of the axes is essential in order to
be able to cover the full field of regard. Otherwise, the straylight aperture in the pupil
imaging system would clip the beam and limit the field. According to section 3.3, particularly a lateral offset between the reference points introduces another source of tilt-tolength coupling.
An 88 mm periscope with two manually adjustable mirrors allows for the precise lateral
alignment and correction of the boresight. The linear slope of the measured tilt-to-piston
figure corresponds to the lateral reference point offset. In the iterative alignment process,
first, all actuated beams hold their nominal beam axis. Adjusting the first periscope mirror
in a Thorlabs 2" Polaris mount (5 mrad/rev mech.) counteracts the lateral offset with
0.88 mm/rev at the second mirror vertically and a factor of 1/√2 less horizontally. Optimization of the beat signal power on the QPDs of the optical metrology terminal with the
second periscope mirror co-aligns the nominal axes. The longitudinal offset is not actively
corrected since it is by far less critical.
Figure 5-16 (a) depicts the tilt-to-length figure of the optical metrology terminal as a function of the angle of incidence with a spline interpolation between the sampling points (red
dots). This plot already includes the subtraction of the reference interferometer signal as
well as a piecewise linear detrend. The detrend among consecutive measurements at the
nominal line-of-sight removes thermo-elastic drift of the test-setup. Based on the out-ofloop DWS signals from the second QPD at the sampling points, the co-alignment of the
laser beams yields a standard deviation of 0.4 µrad throughout the tilt-to-length measurement. A linear fit of the measurement data reveals a residual lateral offset of 5.3 µm horizontally and −9.6 µm vertically. The longitudinal reference point offset is about −6.2 mm.
After removing this geometric tilt-to-length coupling effect due to the reference point offset according to (3.4), Figure 5-16 (b) depicts the tilt-to-length figure with both reference
points (virtually) perfectly aligned. However, the major part of this figure does not represent the tilt-to-length coupling of the optical metrology terminal but the compensated
beam splitter pair BS5 and BS6 in the reference interferometer. Figure 5-16 (c) and (d)
depict the calibration measurement of the reference interferometer and the residuals after compensation. Section 5.7.3 contains a detailed description of the calibration process.
The data have in addition been corrected for the angle-calibration discussed in section
5.7.4.
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Figure 5-16 The tilt-to-length coupling measurement (a) of the optical
metrology terminal in the verification setup (b) after compensating for reference point offsets shows a similar figure as (c) the compensated pair of
plate beam splitters in the reference interferometer. (d) The calibrated test
metrology terminal demonstrates the actual instrument performance with
3.6 nm RMS pathlength variations over the 5 mrad field of regard.
5.7.3 Calibration of the test metrology terminal
The compensated pair of plate beam splitters (cf. section 2.3) affects the flat-top beam on
its way to the pinhole photodiode differently than towards the optical metrology terminal.
The local reference beam in the test metrology terminal cannot compensate for this effect
since it is static and therefore not affected by tilt-to-length coupling. However, a second
pinhole photodetector in place of the optical metrology terminal provides means to calibrate the influence of the beam splitters (see Figure 5-2 (d)).
Figure 5-16 (c) depicts the calibration measurement, which is utterly independent of the
optical metrology terminal. Due to a wedge in both beam splitters, several parameters
such as the wedge angles, the wedge orientations, the beam splitter orientations, and the
thickness define the actual tilt-to-length figure. Instead of treating all these parameters
individually, a generic model with merely two parameters is fitted to the calibration measurement. According to Eq. (2.22), the overall effect of the beam splitters manifests itself,
after the longitudinal glass passage compensation, in two perpendicular axes with an inverse effective glass thickness, approximated by a cosine function
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The first parameter 𝛼 rotates the coordinate system and therefore defines the orientation
of the primary axis of the beam splitter TTL figure relative to horizontal and vertical tilts
𝜃 and 𝜂. The second parameter Δ is the scale factor for the cosine function and comprises
various properties such as the glass thickness, the refractive index, and the actual alignment. Fitting this model to the measurement data leads to the parameter listed in Table 5-4.
Table 5-4 Parameters for TTL calibration model
𝜶

𝚫

−0.2973 rad 11.9 mm
The subtraction of the calibration model from the data in Figure 5-16 (b) almost completely eliminates the tilt-to-length correlation, as depicted in Figure 5-16 (d). The residuals show a small amount of background noise with an RMS value of 3.6 nm. The noise
floor meets the expectations from the long-term stability measurements, and also subsequent measurements show a deviation in the order of merely 4 nm RMS. Hence, the actual
tilt-to-length behavior of the optical metrology terminal is remarkably small and significantly below the overall performance goal. As a result, just like an ideal retroreflector, the
location of the reference point characterizes the instrument to the greatest possible extent over the full field of regard.
5.7.4 Lateral translation of the instrument
In the previous tilt-to-length analysis, the compensation of a reference point offset follows
a simple geometric model. When applying small-angle approximations within the field of
regard, the linear slope of the single-link tilt-to-length figure directly corresponds to a
lateral offset. With the optical metrology terminal mounted on a linear rail, experimental
approval of this premise represents an excellent test of the verification setup as well as of
the digital post-processing. The instrument is moved in several steps, while a Vernier caliper precisely measures the lateral motion. Figure 5-17 depicts the measurement results
without further compensation of the reference point offset. The increasingly broader
shape from (a) to (h) is due to the mounting of the instrument (cf. Figure 5-11), which in
addition to the horizontal offset also causes a small vertical displacement of the reference
point.
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Figure 5-17 A lateral displacement of the reference point position of
(a) −2.45 mm, (b) −2.03 mm, (c) −1.47 mm, (d) −1.00 mm, (e) −0.49 mm,
(f) −0.02 mm, (g) 0.49 mm, and (h) 1.01 mm causes a linear slope in the tiltto-length figure.

Tilt-to-length slope [mm/rad]

Figure 5-18 depicts the horizontal tilt-to-length slope of the previous measurements. All
sample points sketch a straight line with a maximum deviation as low as 12 µm/rad at
about 0.01 mm caliper readout precision. However, the gradient of the fitted line is not
exactly 1 mm/rad/mm as expected from a geometrical reference point offset (cf. section
3.3.1) but deviates by +8.5 %, indicating a systematic error in the tilt-to-length measurements.
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Figure 5-18 Tilt-to-length slope as a function of lateral displacement
shows a linear dependence as expected from the geometric model.

128

Tilt-to-Length Coupling
The most likely explanation for the gradient deviation is a gain error in the position sensing of the beam steering (cf. section 5.5), i.e., an error between assumed and actual angle
of incidence. Since the steering mirror in the optical metrology terminal comprises integrated sensors that are fed back into the control electronics unit, the voltage output of the
DWS control loop is equivalent to the mechanical mirror angle. With the conversion factors of 2 horizontally and √2 vertically from mechanical to optical angles, the steering
mirror angle matches the vertical angle of incidence with about 0.5 % deviation. Though,
horizontally, the steering mirror indicates an actual beam angle, which is 7.4 % larger
than the setpoint of the beam steering system, explaining the deviation of the gradient in
Figure 5-18. This effect can be fairly easily corrected by introducing a scale factor for the
horizontal beam angle in post-processing or a new batch of set-points in the beam steering subsystem for new measurements.
Several influences can lead to different gains for horizontal and vertical tilts leading to a
different effective distance between the position sensing QPDs:
§

The 45° plate beam splitter BS7 has a stronger effect on in-plane tilts and therefore
seems to have a higher thickness than for out-of-plane tilts.

§

The photodetector mounts allow for rotations about the vertical axis, which can
lead to alignment errors and an elliptical beam profile. A bigger beam diameter
requires a larger position offset in order to generate the same position sensing signals.

§

The wedges in the beam splitters between FL Rx* and the position sensing photodetectors act as anamorph prisms changing the beam profile as well.

Another evidence of this effect arises during measurements of the acquisition sensor
where equivalent differential power ratios on the position sensing photodiodes lead to a
higher horizontal angular deflection.
Since it could be identified that there is indeed a gain error in the beam angle sensing
system, which exaggerates horizontally, the measurement data can now be corrected accordingly. For the tilt-to-length evaluation in section 5.7.2 and 5.7.3, the revised angles of
incidence have already been applied and allowed a much better fit of the analytic calibration model.
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5.8 Acquisition
The optional acquisition sensor may significantly reduce the time required for establishing a laser link if it can reliably detect the presence of a received laser beam and provide
measurements of its angle of incidence within the full field of regard of the optical metrology terminal (cf. section 4.4). The experimental verification process is similar to the tiltto-length coupling measurements. The incident laser beam angle varies according to a
scan pattern, while the acquisition sensor tracks the angle of incidence.
In the elegant breadboard model of the optical metrology terminal, a highly reflective mirror substitutes the beam splitter in front of the acquisition sensor. For the used vertical
polarization, its transmittance is in the order of 100c , which turned out not to be enough
for the PSD in the focal plane. Therefore, a 𝜆/2 waveplate temporarily placed in the beam
path increases the transmittance by about a factor of 25 leading to the measurement depicted in Figure 5-19 (a). Even with a beam power of 100 nW at the sensor, which is three
orders of magnitude more than expected from the link budget for ideal pointing conditions, the sensor accuracy seems hardly useful. Low-frequency intensity modulation of
the laser beam for the suppression of dark currents and straylight produces a similar irregular shape. The manufacturer of the PSD stated that it might be the sensor element
itself causing this behavior at insufficient light levels. Figure 5-19 (b) depicts the same
scan pattern on a second PSD with a beam power of 25 µW. For this measurement, the
PSD is installed in front of PD#$ , together with a collimating lens, and is illuminated by the
attenuated Rx* beam. The true shape of the scan pattern is clearly visible with merely
slight bending of the grid lines.
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Figure 5-19 Acquisition sensor: the position sensitive device shows severe nonlinearities (a) at low light levels around 100 nW and gives much
clearer results (b) at 25 µW with only slight bending of the grid lines.
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As a real mission with significantly less optical power would not greatly benefit from such
an acquisition sensor, the next step involves a replacement of the sensor element in order
to investigate the optical system without the influence of the PSD. The therefore utilized
matrix sensor is from a Logitech C615 webcam with an active area of about 5.8 × 3.3 mm&
and Full-HD resolution. With the infrared filter and imaging optics removed, the bare sensor becomes accessible. Figure 5-20 (a) depicts the acquisition pattern scan with an optical power of about 4 nW at the sensor (without the waveplate used for the PSD). Apart
from a small angular misalignment in the order of 1° clock-wise, the measurement shows
an explicitly clear rectangular shape. Hence, this matrix sensor provides significantly better sensitivity than the tested PSD, allows for spatial filters in order to increase the signal
to noise ratio, and might facilitate precise pointing by in-orbit calibration against star
trackers before the link acquisition. Figure 5-20 (b) shows the ∅0.3 mm spot on the camera comprising fringes due to diffraction of the flat-top beam at the circular aperture and
some artifacts of the clipped petals.
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Figure 5-20 Acquisition sensor: the matrix sensor from a webcam (a)
demonstrates superior sensitivity and accuracy at merely 4 nW beam power
compared to a PSD. (b) the beam profile at the camera shows the circular
diffraction pattern of the flat-top beam at the entrance aperture and some
minor artifacts of the clipped petals.
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5.9 Expected Instrument Performance
In addition to the tilt-to-length coupling effect, several external factors affect the overall
displacement measurement accuracy, such as imperfections of the laser system, alignment tolerances, pointing errors, and temperature variations [11]. Following the outline
of relevant noise contributors specific for the optical metrology terminal, the expected
instrument performance is shown in Figure 5-21.
Laser frequency noise
The ranging instrument is an unequal arm length interferometer with a linear coupling of
laser frequency noise into the measurement signal proportional to the inter-spacecraft
distance (cf. section 3.1). While the allocation of 𝛿𝜈 = 30 Hz/√Hz may still be compliant
with future gravity mission studies, real measurement data indicate the feasibility of fluctuations as low as 5 Hz/√Hz in the white frequency region of the GRACE Follow-On noise
shape function [16]. Since this is still a dominant noise source at higher frequencies, Table 5-5 shows how a reduced spacecraft separation could also improve the displacement
measurement accuracy. However, the instrument sensitivity to variations of the gravity
field is then reduced as well.
Table 5-5 Laser frequency noise contribution on displacement signal
Separation
Allocation
30 Hz/√Hz
Best estimate
5 Hz/√Hz

50 km

100 km

220 km

300 km

5.3 nm/√Hz

10.6 nm/√Hz

23.4 nm/√Hz

31.9 nm/√Hz

0.9 nm/√Hz

1.8 nm/√Hz

3.9 nm/√Hz

5.3 nm/√Hz

Spacecraft attitude jitter
The fiducial point of the optical metrology terminal is in first-order insensitive to the angle
of incidence and can be characterized before spacecraft integration. The experimental
verification of the optical metrology terminal in section 5.7 demonstrates tilt-to-length
coupling about the as-built reference point lower than the noise level of the measurement
setup. Hence, not the instrument itself but the position determination error and alignment
accuracy to the spacecraft center of mass dominate the residual tilt-to-length coupling
effect (cf. section 3.3.1). An allocated lateral misalignment of less than 0.1 mm horizontally and vertically as well as a longitudinal misalignment of less than 3 mm may affect the
measurement accuracy up to a worst-case of 𝛿𝑧̃$YY%67 = 23 nm/√Hz within the 5 mrad
field of regard. This assumption is based on spacecraft jitter in the order of 100 µrad (cf.
Table 4-1) for tip and tilt, respectively, and uncorrelated noise among both spacecraft. If
necessary, this effect can be reduced through more stringent alignment tolerances or (in-
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orbit) calibration via measurements of the angle of incidence so that its noise contributions may still be maintained below the effect of laser frequency noise, especially at a
shorter spacecraft separation.
GRACE Follow-On is using conventional sensors, i.e., star cameras, accelerometers, and
gyroscopes, and does not rely on the more precise LRI data for suppressing in-band spacecraft jitter. This is also due to the utilized thrusters, which do not allow for linear control.
Publicly available Level 1B data of the steering mirror angle indicate spacecraft jitter with
a 1/𝑓 & slope towards lower frequencies with about 40 µrad/√Hz at 10 mHz (e.g., measurement data from 01 August 2019).
Recent studies in the context of a next-generation gravity mission allocate a very low
noise contribution to the tilt-to-length coupling effect [32, 33]. The rationale behind this
is a proposed implementation of precise spacecraft pointing, even without a steering mirror in the instrument, which therefore leads to a rather insignificant contribution. While
this is also true for the optical metrology terminal, spacecraft pointing demands substantial platform modifications compared to the GRACE Follow-On satellites. Its feasibility in
a low-Earth orbit with residual atmosphere and cost-benefit assessment will require a
more detailed analysis considering evolving technologies such as the drag-free attitude
control system for LISA Pathfinder and LISA. Nevertheless, only if the same platform parameters are applied, two different kinds of laser ranging interferometers can be compared in an objective and meaningful manner.
Figure 5-21 depicts the amplitude spectral density of the primary displacement measurement noise contributions. The dark blue line represents the GRACE Follow-On requirement. The red line is the 50 nm/√Hz allocation for the optical metrology terminal times
the NGGM noise shape function. For the laser frequency noise, the solid light blue line
depicts the GRACE Follow-On cavity requirement converted into displacement noise at
300 km while the current best estimate [90, 91] is drawn as a dashed line. Since the measured slope at the lower end of the frequency band is shallower than the GRACE FollowOn requirement and matches the NGGM noise shape function better, a lightly modified
allocation does not seem unrealistic for future missions. The tilt-to-length contribution in
solid green is based on the jitter allocation for the optical metrology terminal of
100 µrad/√Hz per degree of freedom times the NGGM noise shape function. The dashed
green line is the expected tilt-to-length noise based on spacecraft attitude jitter observed
in-flight in GRACE Follow-On. In case the platform stability will not improve, a reduction
of coupling noise may also be accomplished via calibration and compensation in post-processing. The sensitivity of the accelerometer does not directly contribute to the displacement measurement but limits the strain sensitivity towards lower frequencies. The solid
yellow line represents the sensitivity requirement of the accelerometer used in GRACE
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Follow-On, whereas the dashed line depicts the sensitivity of the new MicroSTAR topology developed for NGGM [20, 34].
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Figure 5-21 The allocated single-link performance of the optical metrology terminal is limited by laser frequency noise in the upper range of the
measurement band and tilt-to-length coupling towards lower frequencies.
The sensitivity of the accelerometer is converted into displacement noise
and shall serve as a reference.
Polarization-dependent tilt-to-length coupling
The laser beam at the retroreflector approaches the individual mirrors neither in a purely
parallel nor perpendicular polarization state causing an ellipticity of the output polarization (cf. section 3.3.6). At the following polarizing beam splitter, this leads to direct coupling into phase, i.e., the displacement signal, if either the ellipticity or the orientation of
the major axis varies. The gold coatings of the retroreflector in the elegant breadboard
model with 92 % total reflectivity produce an ellipticity of about 𝜒 = 0.0004, making this
contribution negligible.
Wavefront quality and pointing errors
Wavefront errors of the transmit beam lead to deviations from a perfectly spherical farfield and couple with residual pointing jitter of the steering mirror into the pathlength
signal (cf. section 3.3.5). Numerical simulations of a clipped Gaussian beam (𝑤1 = 2.5 mm,
𝑟g = 4 mm) with randomly generated 𝜆/20 RMS wavefront errors produce in 99 % of
cases a coupling factor below 155 nm/mrad. With a conservative allocation of
10 µrad/√Hz in-band pointing jitter of the steering mirror, the corresponding displacement noise would be 𝛿𝑧̃u4v = 1.6 nm/√Hz. During the tilt-to-length measurements of
the optical metrology terminal, the residual pointing jitter as measured on the out-of-loop
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photoreceivers stayed well within the interval ±1 µrad even while the incident beam was
actuated. Coupling effects due to a constant pointing deviation are negligible and merely
reduce the received laser beam intensity.
Temperature effects on pathlength stability
Temperature variations of the instrument lead to thermal expansion of optical components, the baseplate, and its mounting support as well as variations of the refractive index
(cf. section 3.2). Thermal expansion of the support structure mounting the instrument to
the platform may counteract this effect but is not included in this budget since a more
detailed thermal model of the platform is required. The effect on the single-link displacement is 𝛿𝑧̃76(P6',7X'6 = 2.5 nm/√Hz at 4 mK/√Hz temperature stability for a 𝑙{6'$[X' =
66 cm beam path parallel to the Zerodur baseplate and a glass passage with 𝑙_#,%% = 9 cm
fused-silica within each terminal. In principle, accurate measurements of the actual glass
temperature allow subsequent compensation in digital signal processing if higher precision is required.
Straylight
Despite several optical surfaces oriented perpendicularly to the nominal beam axis, a conventional anti-reflective coating combined with polarizing components provides adequate suppression of coupling from straylight into the displacement measurement signal.
Back-scattering of the transmit beam at the outer face of the 𝜆/4 waveplate, however,
couples directly into the receive path. Therefore, the alignment of this waveplate is critical
and must ensure that back-reflections will exceed the instruments field of regard for all
pointing angles so that it can be clipped with the straylight apertures L2 and L3 in the
pupil imaging system. Since the reflected ghost and the received beam are superimposed
before the combining beam splitter PBS2, the introduced phase shift in the beat signal has
the same sign on both photodetectors.
The optical metrology terminal provides all signals required for a balanced detection
scheme, which correctly merges the otherwise inverse beat signals of QPD1 and QPD2 and
effectively cancels out the common-mode straylight contribution [49]. With a state-of-theart anti-reflective coating on all optical elements, the residuals are not expected to go beyond the nanometer level (cf. section 3.3.3) and are covered in a generic contingency.
Displacement measurement accuracy
The overall sensitivity is the geometric sum of all the above estimates with an additional
uncorrelated contingency of 5 nm/√Hz for all other noise sources such as the readout
system, the absolute laser frequency scaling factor, clock stability, shot noise, straylight,
and laser intensity variation. Table 5-6 summarizes the allocated contributions to the single-link displacement measurement at the upper end of the frequency band.
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Table 5-6 Single-link performance summary
Source

Symbol

Contribution

Laser frequency noise

𝛿𝑧̃#,%6'

31.9 nm/√Hz

Spacecraft attitude jitter

𝛿𝑧̃$YY%67

23 nm/√Hz

Far-field wavefront errors

𝛿𝑧̃u4v

1.6 nm/√Hz

𝛿𝑧̃76(P6',7X'6

2.5 nm/√Hz

Temperature effects
All other sources
Total

5 nm/√Hz
𝛿𝑧̃%*+_#60#*+î

39.8 nm/√Hz

From all noise sources listed above, only the laser frequency noise contribution significantly correlates with the spacecraft separation. Therefore, a larger distance has a positive effect on the signal-to-noise ratio when measuring relative distance variations.
Spacecraft jitter, the second-largest contributor, couples via alignment tolerances that are
partially independent of the instrument architecture. If necessary, this effect may be calibrated and compensated in post-processing rather than relying on spacecraft pointing.
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The satellite mission GRACE Follow-On has recently paved the way for various dynamic
laser ranging applications in space and successfully demonstrated the unprecedented
sensitivity enabled by this new technology. The work reported in this thesis presents a
novel highly flexible design concept for the layout of the optical instrument, combining
the advantages of contradictory approaches while bypassing their limitations. In addition
to the analytical assessment of optical systems encompassing a retroreflector, their functional capabilities have been successfully demonstrated and verified experimentally. A
number of different options are proposed for controlling the position of the reference
point by design, evaluating the impact of manufacturing or alignment tolerances, and
compensating for imperfections during the instrument assembly. This toolbox will facilitate the adaptation to the specific requirements and needs of future missions.
Two of the most critical noise sources for satellite-to-satellite tracking are laser frequency
noise and tilt-to-length coupling. While the contribution of the laser is independent of the
instrument architecture, there are essentially two factors that create this coupling of
pointing and spacecraft jitter. First, considering all asymmetries, tolerances, imperfections, and the finite thermo-mechanical stability of the optical instrument, there may not
be one ideal reference point covering the entire field of regard, about which a rotation will
not affect the pathlength measurement. Second, the point with the minimal combined coupling, i.e., the as-built reference point, is precisely co-aligned with an accelerometer in the
spacecraft center of mass. Any geometric reference point offset between the optical instrument and the accelerometer leads to direct coupling of attitude jitter. The optical metrology terminal aims to minimize all internal and time-variable coupling effects, leaving
the plain geometrical model that can be calibrated and compensated if required. For a
representative end-to-end measurement, the conditions from inside the spacecraft are
replicated in the dedicated verification setup. The experimental analysis concludes with
a characterization of the optical metrology terminal at and in the nearby surrounding of
its as-built reference point.
Retroreflector assembly with a virtual reference point
A retroreflector is a practical device when a dynamic input beam needs to be back-reflected towards the source while the location of its vertex or fiducial point exactly defines
the optical pathlength. In order to maintain a clean wavefront, the retroreflector can preferably be illuminated off-center, which results in a lateral offset between the incident and
reflected beams. The actual reference point is thus displaced from the beam path and can
therefore be realized virtually. The design concept derived in chapter 2 adds additional
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components that provide the flexibility required to shift this virtual reference point independently of the real retroreflector, even to a location outside the dimensions of the optical bench. This approach allows tuning of the lateral offset between the external beams to
a different value than is used in front of the retroreflector, both larger and smaller.
In the recent past, instrument designs for future gravity field missions have been published with the external beams propagating directly on the line-of-sight between the
spacecraft. Such a monoaxial instrument requires only a single path from the inside of the
satellite into free space and greatly facilitates compact dimensions. However, so far, none
of these has been based on a retroreflector that would ensure the correct operation of the
instrument across a wide range of angles of incidence. Instead, the platform is expected
to precisely orient the instrument relative to the line-of-sight and permanently maintain
this alignment. Hence, imperfections in the tracking system, especially variations in the
optical pathlength, directly affect the measurement signal with a full correlation among
geometrical reference point offsets and other effects related to pointing jitter.
The new design concept developed for the optical metrology terminal blends the advantages of a retroreflector with those of a monoaxial implementation. The optical layout
does not demand curved surfaces in the measurement path and can easily be adapted for
accommodation in a future satellite. Glass passages and tolerances during alignment or of
the components themselves affect the location of the reference point and determine how
sensitive the instrument responds to variations of the angle of incidence. While beam
splitter cubes cause a rotationally symmetric coupling, which can be compensated via a
longitudinal reference point offset, tilted plate beam splitters lead to dissimilar figures
along the horizontal and vertical plane. The derived mathematical models aid the assessment of component/alignment specifications and support counteracting imperfections of
previously placed components during the assembly. Overall, a variety of tolerances can
be recovered, given that the last-placed components compensate for any beam deviation,
and the actual as-built position of the reference point is determined experimentally.
Quasi-monolithic instrument implementation
For the experimental evaluation of the monoaxial retroreflector design concept, a prototype of the optical metrology terminal is built on an elegant breadboard level. The optical
layout comprises a compact hollow retroreflector, a transponder system featuring twodimensional beam steering, and an acquisition sensor. All optical components contributing to the measurement path are directly mounted onto a Zerodur baseplate using adhesive bonding with a two-component epoxy resin. Components that may need enhanced
alignment flexibility, such as the lenses, the steering mirror, or the photodetectors, are
attached to metal mounts, including screw-interfaces with shimming capabilities. The
Zerodur baseplate itself is attached to three kinematic mounts made of Invar, delivering
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a great thermo-elastic stability level. Nonetheless, the design can easily be adapted to
other interface configurations.
During the construction of the elegant breadboard model, no risks were taken concerning
the choice of materials and components that could otherwise impair the measurement
results and prevent the successful verification of this new design principle. The extremely
low thermal expansion of Zerodur, for example, is not strictly required for measurements
in the nanometer regime, but it is a suitable structural material for optical instruments
and also flight-proven, e.g., in LISA Pathfinder. The direct interface between the optical
components and the baseplate provides the high stability of Zerodur to the entire instrument. Nevertheless, during the automatic alignment of the final mirror, a small wedge in
the thin adhesive layer below the component is intentionally applied in order to compensate for the cumulative out-of-plane component and alignment tolerances. This in-situ
computerized angular adjustment in two degrees of freedom adds a new powerful capability to the adhesive bonding technology and could demonstrate an accuracy barely
achievable with manual controls.
Even though a solid retroreflector prism is expected to perform sufficiently well, the implemented hollow corner cube reduces the overall glass passage, which would be susceptible to scattering, inhomogeneities, or temperature-induced variations of the refractive
index. The two prisms of the beam splitter cubes are connected via optical contact in order
to avoid interference between the two contact surfaces as it is the case with a cemented
cube. The beam splitters are sensitive to polarization and, hence, allow to continuously
adjust the splitting ratio between the local oscillator and the transmit beam while routing
all of the received laser power onto the photodetectors. The clear aperture radius of the
components along the beam path is at least three times the waist size of the local Gaussian
beam so that the transmitted wavefront remains free of diffraction artifacts.
In the case of a flight model, the final implementation might turn out to be rather different
than the breadboard model, since there are many design decisions to be made, and the
design may tend toward an even more compact construction rather than the best possible
performance. However, this prototype fully confirmed the functionality of the optical metrology terminal without identifying any show stoppers and will further be used in a laboratory testbed for inter-satellite laser ranging.
Experimental verification and digital signal processing
The optical metrology terminal is evaluated experimentally in the dedicated verification
setup with representative measurements of long-term stability, tilt-to-length coupling,
and initial signal acquisition. The laboratory setup establishes a laser link to the optical
metrology terminal and obtains the interferometric displacement signal through phase
measurements of the heterodyne beat-signals. At the entrance of the instrument, a flat139
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top beam generator simulates the properties of the laser beam received from a distant
spacecraft. The beam steering subsystem controls the angle of incidence, while a reference interferometer unambiguously distinguishes pathlength variations due to the verification setup from tilt-to-length coupling effects in the optical metrology terminal.
The entire setup is designed in a way that minimizes the number of required optical elements and laboratory devices but rather concentrates as much complexity as possible in
reconfigurable hardware. The field-programmable gate array implements several highspeed function generators, including analog output signals, a 20-channel MHz phasemeter, numerous control loops, and all real-time signal processing tasks required for operating the optical metrology terminal in the verification setup. Instead of combining
individual interferometers for the different functions of the setup, the phasemeter can
process the superposition of all four laser beams at a single photodetector and evaluate
the phase at various beat frequencies independently. While the up-to-date signal processing hardware is not meant to be a representative substitute for flight hardware, it
offers extensive resources that aid the implementation of additional features or the control of a second terminal. Still, the laboratory demonstrator implements many functions
of the flight-model in a similar manner.
Long-term stability measurements reveal a noise floor below 10 nm/√Hz, which clearly
correlates with the temperature stability inside the surrounding thermal enclosure. The
passive isolation around and in between the beam path significantly improves the sensitivity while measuring in air. Differential temperature fluctuations between the laser links
to the optical metrology terminal and to the reference interferometer affect the measurement signal and indicate the expected background noise for the tilt-to-length coupling
measurements. The variable power of the received beam is slightly exaggerated compared to the in-orbit scenario in order to be less prone to noise in the electrical chain.
Tilt-to-length coupling addresses the sensitivity of the displacement measurement towards variations of the angle of incidence. The as-built reference point is retrieved during
the measurement campaign and precisely co-aligned with the calibrated verification
setup. The remaining pathlength variations expose the tilt-to-length effect from within
the optical instrument, mostly driven by glass passages in the measurement path. The residuals of the optical metrology terminal have not revealed any deterministic coupling
patterns with a deviation from the ideal figure as low as 3.6 nm RMS over the full 5 mrad
field of regard. The intrinsic tilt-to-length behavior is far below that of a pair of plate beam
splitters and can be represented entirely by the location of the reference point. Lateral
translations of the instrument in the test setup generate a coupling factor, that linearly
depends on the offset. Hence, in addition to the analytic model of the retroreflector assembly, the functional capabilities of the optical metrology terminal have also been successfully confirmed experimentally.
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Future perspective
The optical metrology terminal represents a universal platform for further investigations
of the inter-satellite laser link under realistic environmental conditions. In the successive
activity, "Optical Formation Metrology Testbed," two terminals will be placed together in
a large, temperature-controlled vacuum enclosure. Avoiding variations of the refractive
index and convective heat transfer in air - the main noise contributors during the experimental evaluation of the optical metrology terminal so far - will likely increase the measurement sensitivity below the single-digit nanometer level. With one of the terminals
mounted on a hexapod, a platform that supports manipulation in six degrees of freedom,
the angle of incidence can be varied for both terminals individually. By applying synthesized signals or reproducing the spacecraft jitter as measured in GRACE Follow-On, the
impact on the ranging signal can be simulated in a broad frequency band. Concepts for
calibration and compensation, e.g., during post-processing, can be elaborated and tested.
Variations of the relative roll angle between the terminals could experimentally measure
the carrier phase windup effect in laser beams with circular polarization and its compensation in the full round-trip. Since the position and angle determination accuracy of common hexapods in the required weight class is insufficient by two to three orders of
magnitude, tracking of the terminal and especially the motion of its reference point is going to be performed via custom reference interferometers.
The optical layout and the digital signal processing hardware involved in this testbed allow for further add-ons, which can be implemented in addition to the dynamic laser ranging link. By modulating a sideband to the laser signals, time-of-flight measurements could
be performed in order to obtain the total distance between the two terminals/spacecraft.
For the absolute ranging option, the glass passages in the terminals appear as a constant
offset between optical and geometric pathlength in the order of several centimeters.
While the time-delay due to the pupil imaging system and the detection chain can be suppressed via a suitable modulation scheme, the increased optical pathlength within the
measurement path needs to be compensated for separately. In addition, modulated sidebands on the laser beams may be used for clock synchronization among the spacecraft or
real-time data communication. These features could improve the reliability of GRACE-like
missions, e.g., by adding redundancy to functions implemented in the GNSS receiver, and
are essential baseline for the planned space-borne gravitational-wave observatory LISA.
GRACE Follow-On is “just” the first precursor of inter-satellite laser interferometry with
more instruments to follow in the next decades. The programmatic overview in section
1.3 and 1.4 indicates that the future will continue to provide us with exciting and challenging missions that will foster technology development and innovation.
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Appendix A Snell’s Law
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Figure A-1 Refraction at a glass/air interface (vectorized)
At the interface between two media with the refractive indices 𝑛! and 𝑛& , the refraction
law
n! sin 𝜃! = 𝑛& sin 𝜃&
(A.1)
expresses the relation between the angle of incidence 𝜃! and the refracted angle 𝜃& towards the normal vector 𝐧, see Figure A-1. For a vectorized representation of Eq. (A.1),
the normalized direction of the incident beam 𝐤 𝐢 is split into a component perpendicular
to the interface plane
|𝐬𝟏 | = −𝐤 𝐢 ⋅ 𝐧 = cos 𝜃!
(A.2)
and a parallel component
𝐩𝟏 = 𝐤 𝐢 + |𝐬𝟏 | ⋅ 𝐧 = 𝐤 𝐢 − 𝐧(𝐤 𝐢 ⋅ 𝐧)
(A.3)
with the length
|𝐩𝟏 | = f1 − (𝐤 𝐢 ⋅ 𝐧)& = sin 𝜃!

(A.4)

Combining Eq. (A.1) and (A.4) leads to the parallel component of the refracted beam
𝐩𝟐 =

𝑛!
𝑛!
𝐩𝟏 = [𝐤 𝐢 − 𝐧(𝐤 𝐢 ⋅ 𝐧)]
𝑛&
𝑛&

(A.5)

The perpendicular component
𝐬𝟐 = −𝐧 f1 − |𝐩𝟐 |& = −𝐧 Z

𝑛!
𝑛& &
[ LZ [ + (𝐤 𝐢 ⋅ 𝐧)& − 1
𝑛&
𝑛!

(A.6)

together with 𝐩𝟐 poses the normalized direction vector of the refracted beam
𝑛!
𝑛& &
𝐤 𝐨 = 𝐬𝟐 + 𝐩𝟐 = Z [ Ñ𝐤 𝐢 − 𝐧(𝐤 𝐢 ⋅ 𝐧) − 𝐧LZ [ + (𝐤 𝐢 ⋅ 𝐧)𝟐 − 1Ö.
𝑛&
𝑛!

(A.7)
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Appendix B Raytracing Simulation Toolbox

Getting Started
Introduction
This raytracing simulation toolbox is a collection of MATLAB-functions for the simulation
of the full beam path through an optical setup. The simulation takes place in three-dimensional space. The order in which the components interact with the laser beam is automatically evaluated during the simulation. The result of the raytracing simulation is visualized
as a 3D MATLAB figure and additionally stored in a tree-structure for programmatic evaluation.
The user has to provide three parameters in order to start a raytracing simulation:
§ The dimensions of a surrounding box
§ A list of all beam sources
§ A list of all components
Example: Periscope
Instead of a long introduction, a simplistic example of a periscope simulation gives an
overview of how this tool can be used.
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Coordinate system
The x-axis of the right-handed coordinate system goes from the left to the right, the y-axis
from the bottom to the top, and the z-axis approaches perpendicularly to the paper plane.
Measure of length
In principle, the units used to specify the distance may be chosen arbitrarily. Nevertheless,
consistency must be preserved within a single simulation script. In this example, distances are defined and measured in centimeters.
Surrounding box
If a beam misses all components during simulation, it is truncated at the surrounding box.
This box also specifies the axis limits in the resulting 3D plot. In the periscope example,
the following dimensions are used:
X:
Y:
Z:

-2 cm < x < 22 cm
-2 cm < y < 8 cm
-2 cm < z < 2 cm

MATLAB Code: Surrounding Box
box = [-2,22; -2,8; -2,2];
List of beam sources
The list of beams contains all sources of the current simulation. A function call to
new_beam() generates all required data fields. It is highly recommended to use the provided functions instead of adding a new beam by hand. In the MATLAB code, it is essential
to use column vectors for coordinates and direction vectors.
In this example, both laser beams start at the point (0|0|0). The red beam points parallel
to the x-axis horizontally to the right. This direction is defined as an in-plane angle 𝜙 =
0°. The out-of-plane angle 𝜃 = 0° keeps the beam in the paper plane. The angular unit is
in degrees. Alternatively, instead of the two angles, it is also possible to define a threeelement direction vector. The refractive index at the beam starting position is 1. Here, the
beam polarization is of no interest and, therefore, set to '-'. The last argument is the beam
color 'r'. The only difference for the blue beam is a small in-plane angle of 𝜙 = 1° (in the
mathematical sense).
MATLAB Code: Laser Beam Definition
beam = [ new_beam( [0;0;0], [0;0], 1, '-', 'r' ), ...
new_beam( [0;0;0], [1;0], 1, '-', 'b' ), ...
];
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List of components
The list of components is an array comprising all elements for the current simulation that
can interact with the beams or induce a deflection. A set of functions is provided in order
to create new components. The periscope example comprises two mirrors and a beam
dump.
The mirrors are generated via a function call to new_mirror(). This function requires three
arguments: the center position of the mirror surface, the surface angle, and the surface
radius. The center of the first mirror is located at M1 (10|0|0), the center of the second
mirror at M2 (10|5|0). With a mirror angle of 𝜙 = 0°, 𝜃 = 0°, a beam propagating parallel
to the positive x-axis hits the mirror surface perpendicularly. The first mirror of the periscope has an in-plane angle of 𝜙 = −45° and an out-of-plane angle of 𝜃 = 0°. The second
mirror has an in-plane-angle of 𝜙 = 135°, respectively. Only the front surface of the mirrors is reflective, while beams with a reverse direction pass through. Both mirrors have a
one-inch diameter, i.e., a radius of 1.27 cm.
A sensor component realizes the beam dump. The sensor provides additional features
such as measurements of the geometrical and optical pathlength and can be used to visualize the points of impact. The center of the beam dump location is (20|5|0).
MATLAB Code: Components Definition
components = [ new_mirror( [10;0;0], [-45;0], 1.27 ), ... % M1
new_mirror( [10;5;0], [135;0], 1.27 ), ... % M2
new_sensor( [20;5;0], [0;0], 1.27 ), ...
];
With these three arguments, the raytracing simulation command can be executed:
MATLAB Code: Simulation Command
b = ray_tracing( box, beam, components );
The return value b has the same structure as the beam argument, but additionally includes
all subsequent beam segments evaluated during raytracing. The result can graphically be
visualized via a call to the function plot_result_3d(). The function plot_label() allows for
adding text and labels to the figure, the position argument matches the units used for the
simulation setup.
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MATLAB Code: Plot Simulation Results
plot_result_3d( box, b, components );
plot_label( [11;-0.5], 'M1' );
plot_label( [9;5.5], 'M2' );
The previous figure depicts the output of the raytracing periscope simulation.
Simulation results
The traced beam paths are stored in the return value of the ray_tracing() function. Its
structure is identical to the list of laser beams, i.e., a cell array where each element corresponds to one beam source represented by a structure array.
The function new_beam() returns a single element cell array of a structure array. In this
way, several beams can easily be concatenated to a cell array using square brackets (see
the list of beam sources).
The beam structure array includes the following fields:
- x
starting point (vector)
- dir
beam direction (vector)
- n
refractive index
- d
total distance to x
- d_opt
total optical pathlength to x
- pol
beam polarization
- M
total amount of previous beam segments
- color
beam color
- component_nr component number of the last interaction
- dimensions
dimensions of the beam launcher
- next{}
cell array that contains next beam segment(s)

[x;y;z]
[dx;dy;dz]
double
double
double
‘p’,’s’,’-’
integer
‘b’
integer
[]
{beam}

All entries in the list of beams have a field named next, which is a cell array and comprises
all immediate subsequent beam segments. Each element of this cell array again has the
data type of a beam structure array, recursively including the field next. As a consequence,
the simulation result is a singly-linked list or, more specifically, a tree. In the case of a
beam splitter, a beam segment may have more than just a single successor, i.e., next{} is a
cell array containing two elements. Eventually, the filed next{} is an empty cell array, signaling the last segment of the beam propagation.
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Manual access to simulation results
All the values of the beam structure array can be accessed programmatically. For example,
the optical pathlength of the blue beam in the periscope example at mirror M2 is obtained
using commands like
MATLAB Code: Beam Segment at Specific Component
>> b{2}.next{1}.next{1}
ans =
x:
dir:
n:
d:
d_opt:
pol:
M:
next:
color:
component_nr:
dimensions:

[3x1 double]
[3x1 double]
1
15.2688
15.2688
'-'
2
{[1x1 struct]}
'b'
2
[]

and
MATLAB Code: Optical Pathlength at Specific Component
>> b{2}.next{1}.next{1}.d_opt
ans =
15.2688
b{2} is the starting point of the blue beam. b{2}.next{1} is the point of impact on the first
mirror. One segment later, b{2}.next{1}.next{1} is the point of impact on the second mirror.
The attribute .d_opt reads the optical pathlength.
An example of a recursive iteration through all beam segments is given by the function
text_output_beam(), which writes the position and direction vector of all beam segments
to the command window.
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Appendix C

Appendix C Quadrant Photodetector
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QPD DC and Power Supply

Appendix D QPD DC and Power Supply
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Appendix E

Appendix E Position Sensing Photodetector
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FPGA GPIO <> SPI Interface

Appendix F FPGA GPIO <> SPI Interface
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Appendix G

Appendix G Piezo Amplifier
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Temperature Sensing

Appendix H Temperature Sensing
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Appendix I

Appendix I Troubleshooting of the FPGA Reference Design
The FPGA system is a commercial PC821 PCIe board from Abaco Systems equipped with
one FMC144 and one FMC116 mezzanine board providing several high-speed analog interfaces. The reference design delivered with the FPGA system contains the full source
code of a demo application, which allows to piecewise record and playback samples at the
analog interfaces using the internal clocks. The intended purpose of use in the test metrology terminal required several modifications in order to take full advantage of the
hardware and be able to operate all converters continuously and synchronized to a common clock signal. The necessary adaptation turned out to be quite extensive, as several
programming and logic errors in the reference design of the supplier randomly spoiled
the data integrity and had to be identified and fixed:
§

FPGA or mezzanine board not recognized
Effect: PCIe hardware or mezzanine board is not recognized after a power cycle.
Solution: Enable early PCI delay in PC BIOS for reliable detection of the FPGA
board. After longer use of the FPGA, the voltage regulators for the mezzanine
boards sometimes require up to one hour to power up after a power cycle. During
that time, the PC will only recognize the unequipped FPGA (no change after RMA).

§

Clock boundary-crossing issue on the host interface interrupt signal
Effect: Read/write operations of I & C and SPI interfaces do not always work
Solution: Upgrade to 3rd generation PCIe interface and integration of the patch for
PC821 boards provided by the manufacturer in June 2017.

§

Incomplete implementation of timing requirements
Effect: Changes in unrelated parts of the VHDL code and recompilation randomly
prevents units from communicating over the AXI interface without issuing timing
violation errors.
Solution: Complete specification of timing requirements for all clock signals in the
design related to the PCIe host interface and both mezzanine boards that were
missing in the reference design.

§

FMC116 clock distribution
Effect: The rigid implementation of buffers and gates in the FMC116 clock tree of
the reference design causes hold time violations in conjunction with high logic element usage in the FPGA design.
Solution: Balanced distribution of clocking primitives and reduction of dispensable
items.
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§

FMC116 ADC interface training
Effect: At various sampling frequencies, the training sequence for the ADC digital
data interface fails.
Solution: The training sequence figures out the ideal sampling time and individually adjusts the phase for each channel. An unnecessarily restrictive mask in the
host program of the reference design refuses valid sampling points and hides the
following issue.

§

FMC116 incorrect ADC values
Effect: After initialization of the FMC116 hardware and execution of the training
sequence, discrete spikes appear in the digitized signal. For slow, analog input signals, the amplitude of the spikes is close to a power of two but alters its magnitude
after a re-run of the training sequence.
Solution: The FPGA receives the ADC data stream over a high-frequency (up to
1 GHz) serial interface using an integrated hardware de-serializer without a dedicated synchronization line. The reference design correctly detects a random circular shift of the training pattern but composes the output signal from the most
significant and least significant bits of two different samples.

§

FMC116 offset correction
Effect: Analog offset correction only works on eight of the sixteen channels.
Solution: In the FPGA code as well as in the initialization routine on the PC, two
(presumably) copy-paste errors in the reference design prevent communication
with the second DAC on the FMC116.

§

FMC144 fluctuating sampling frequency
Effect: Periodic modulation of the FMC144 sampling frequency prevents synchronous sampling among both mezzanine boards.
Solution: At a phase detector frequency of about 80 kHz (reference design), the
charge pump in the loop filter of PLL1 cannot produce a stable output voltage for
the voltage-controlled oscillator. Increasing the phase detector frequency to
5.78 MHz without changing the loop bandwidth of 80 kHz resolves this issue.
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Appendix J Graphical User Interface
The main window of the FPGA Phasemeter Control host program appears after
the FPGA has been successfully initialized
and is ready for further commands. Each
button opens an additional program window, which allows starting measurements,
tuning parameters, or displaying real-time
values.

The window Frequency Generation provides all controls related to the four AOMs. In
addition to the default parameters for each of the RF signal generators, the control loops
for phase-locking and intensity stabilization can be tuned and enabled.

The ADC Level shows the currently used voltage-range of the high-speed ADC input
signals. A tall bar indicates the presence of a beat signal and facilitates tuning of the laser
beam power without clipping.
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If the custom low-speed ADCs are enabled in the SPI Interface control window, there is
also an SPI ADC Level readout available for those additional channels. The external ADCs
allow to select one of several input voltage ranges, and the FPGA needs to take care of the
round-trip delay through the cables interfacing the
ADC via a high-speed serial connection.

The Fast Scope displays a brief
snapshot of one of the ADC input
signals or another FPGA internal
signal with the full sampling
frequency and may be used for
debugging or analyzing the highfrequency performance of control
loops.
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The continuous output data stream of the phasemeter is enabled in the Phasemeter
window, which also allows tuning of the lowpass filter cutoff frequency for the IQ-demodulation and writing the
measurement data to a file.
The phasemeter continuously evaluates all high-speed ADC
input channels at four different beat frequencies. The
partially unwrapped phase after decimation can be plotted
in the Waveform window, and an indication of the
amplitude is given by the windows Amplitude 01, 02, 03,
and 12.
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In order to follow an interferometer signal during measurements or even look at the
difference between the main interferometer and the reference interferometer in realtime, the Phaseview window plots a combination of up to three phase signals with
different
weights.

The window Steering Mirror allows
manual control of the steering mirror in
the optical metrology terminal but also to
select the corresponding ADC channels for
the differential wavefront sensing
technique and enable closed-loop control.

For the beam actuation in the test
metrology terminal, the window TMT
Beam Steering generates the pulse shape
required by the piezo
stepper motors in the
verification
setup,
controls the amplitude
modulation of the RX*
beam used for position
sensing on two QPDs,
gives a visual indication
of the setpoint and
actual values, and
enables manual or
closed-loop control.
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The setpoint for the beam steering in the test metrology terminal can either be manually
entered or loaded from a file in the window Scan Pattern, which also indicates the
progress of the
current
scan
operation.

The functional units inside the FPGA are built as separate
entities and communicate via an AXI bus system. Since, for the
reasons of clarity, not all register values are directly accessible
in the graphical user interface, the window Register Edit
facilitates the manipulation of register values.

A complete list of all
register addresses and
values is available in
the window Register
Content.
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