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Abstract

CubeSats are a promising platform for the implementation of the space segment in future satellite quantum key distribution
constellations. This work demonstrates the design optimization regarding the structural dynamics of the OSIRIS4QUBE
quantum communication terminal and the validation of its compliance with launch and operational vibration loads. A
representative simulation model is constructed, which allows for the optimization of the system. The goal is to adapt its
modal characteristics to isolate it from the resonance of the fine pointing system. Since the modifications are to be
decoupled from the optics design, only the printed circuit board, which serves as the optical bench, is adapted. Additionally,
customized dampers are used to flatten the response curve of residual vibrations in the critical band. The payload is
subjected to a vibration test to validate the simulations and demonstrate the integrity of the fast steering mirror, which
revealed a resonance separation factor of 1.28 between the actuator and the optical terminal. In addition, the influence of
micro-vibrations from the reaction wheels on the fine pointing mechanism is analyzed. A 3¢ tracking error of 721 rad is
measured, proving that the pointing requirements are still met under the most adverse onboard operational conditions.
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|. Introduction et al., 2022). The German Aerospace Center (DLR) con-

tributes to the project with its expertise in the field of optical
free-space communication and its application for quantum
communication. In particular, the miniaturized CubeSat
terminal OSIRIS4Cubesat developed at the Institute of
Communications and Navigation will be adapted to in-
corporate requirements for the OSIRIS4QUBE (04Q) op-
tical terminal within the QUBE mission. During in-orbit
operations, the experiments with O4Q are conducted to
characterize the atmospheric channel, with a particular focus
on QKD, and to gain knowledge that will be useful for future

The emerging second quantum revolution is bringing new
innovative services to society based on new quantum
technologies. One of the most important is quantum key
distribution (QKD), which is already a mature quantum
technology. Several companies offer commercial fiber based
QKD systems (Moore, 2007; ID Quantique, 26.09.2024;
KEEQuant, 2024; ThinkQuantum, 22.11.2024) and more
are expected to offer commercial off-the-shelf products.
State of the art fiber based systems are currently limited to
several hundred kilometers which does not fulfill the needs
of a wide spread quantum communication network. So-
phisticated proposals for range extension do exist, which
however have low technology readiness. In the framework

'Institute of Communications and Navigation, Optical Satellite Links,

of the QUBE mission, miniaturized quantum communica-
tion components are being upgraded to be space-qualified to
withstand the extreme stresses of satellite launch and the
harsh environmental conditions of use in space. The plat-
form consists of a low-cost miniature satellite, so-called
CubeSats, which will be upgraded with the necessary
technology components (Haber et al., 2018; Mammadov

German Aerospace Center (DLR), WeBling, Germany
2Automation and Control Institute (ACIN), Technische Universitit Wien,
Vienna, Austria

Corresponding author:

René Riddenklau, German Aerospace Center (DLR) and Automation and
Control Institute (ACIN), Miinchenerstr. 20, WeBling 82234, Germany.
Email: rene.rueddenklau@dir.de


https://uk.sagepub.com/en-gb/journals-permissions
https://doi.org/10.1177/10775463251366143
https://journals.sagepub.com/home/jvc
https://orcid.org/0000-0003-2876-8591
https://orcid.org/0009-0004-9856-1806
https://orcid.org/0000-0002-7974-6977
https://orcid.org/0009-0008-0485-3541
mailto:rene.rueddenklau@dlr.de
http://crossmark.crossref.org/dialog/?doi=10.1177%2F10775463251366143&domain=pdf&date_stamp=2025-08-11

Journal of Vibration and Control 0(0)

missions such as QUBE-II or EAGLE-1 (Hutterer et al.,
2022; Fuchs et al., 2023).

The prerequisite for this CubeSat development is the
miniaturization of the laser communication terminal. The
limited size, weight, and power constraints of CubeSats
necessitate that each component needs to be optimized.
Recent studies indicate that the isolation of sensitive pay-
loads during the development of CubeSats remains a per-
sistent challenge, necessitating the implementation of
vibration control technology (Nordt et al., 2020; Hendy
et al., 2017) and the tailoring of the ECSS testing standard
for CubeSat missions (Tiseo et al., 2019).

It is insufficient to consider the individual components in
isolation. A significant reduction in installation space can
only be achieved through the implementation of novel
concepts and a high degree of integration. One of the most
significant factors influencing the size and weight of the
device is the separation of the electronics and optics into
distinct components or the installation of the optics on a
separate optical bench. It is therefore advantageous to use
the printed circuit board (PCB) as mechanical interface
between electronics and optomechanics (Schmidt, 2023).

It is mandatory that the optical bench exhibits high
mechanical stability to prevent damage or alignment
changes during the launch of the rocket. This requires both
high mechanical strength and low deformation due to
temperature effects. The optical bench’s high thermal
conductivity facilitates the uniform distribution of energy
and temperature, preventing the occurrence of uneven
heating and expansion. The material must possess high
tensile strength in order to withstand the high loads that are
characteristic of rocket launches. Furthermore, enough
damping needs to be ensured, to reduce vibration coupling
into the fine pointing assembly (FPA) during operation.

The aim of this paper is the design optimization and
verification of the mechanical structure of a novel quantum
communication terminal (QCT) with respect to vibration
loads. The focus of the work is on an analysis of the
structural dynamics and validation toward a suitable design,
specifically emphasizing a PCB as an optical bench to
enable the miniaturization of QCTs while complying with
vibration loads. First, the framework conditions of the work
are presented, that is, the predecessor laser terminal design
which formed the starting point of the new development.
The requirements for the design of the structure can
therefore be derived accordingly. A finite element method
(FEM) model is set up which provides simulation results
that form the basis for design changes. Various strategies of
influencing the structural dynamics are investigated and
implemented. For validation, hardware tests are carried out
on a vibration test system and inside the integrated satellite
on ground. The paper is structured as follows. Section
“Design analysis and optimization of the system” describes
the system baseline design and its optimization. Section
“Hardware compliance validation” describes the system

validation with the different considered tests setups. Section
“Summary and conclusion” gives a brief summary of the
work and draws the relevant conclusions.

2. Design analysis and optimization of
the system

The following section will describe the analysis of the
baseline design. It will introduce strategies to improve the
behavior under vibrations and shows how the adaptations
influence the validation results compared to the point of
origin.

2.1 Baseline design OSIRIS4CubeSat

In order to provide a concise overview of the distinctions
between this QCT, called O4Q, and its predecessor
OSIRIS4CubeSat (0O4C)—made solely for classical
communication—it is essential to highlight the following
key points. The mass of the QCT was increased due to
modifications to the telescope, while simultaneously the
attachment points that connect the QCT with the satellite
frame were relocated further away from the center of mass.
The latter was due to the selected satellite bus supplied from
Zentrum fiir Telematik (ZFT) and the mounting orientation
within it. As will be shown in the subsequent evaluation, this
shifts the natural frequencies into the critical resonance
range of the fast steering mirror (FSM), and thus necessitates
investigation.

A distinctive aspect of the CubeSat payloads developed
at DLR is the patented utilization of the PCB on which the
electronic components are assembled as an optical bench
(Schmidt, 2023). This allows for a high degree of inte-
gration, although the reduced strength of standard materials
in comparison to a conventional construction must be
considered. To quantify the effects of the combined opto-
mechanical and PCB system and to demonstrate that the
QCT can withstand the anticipated loads, a design analysis
and optimization is conducted.

2.2 OSIRIS4QUBE laser communication terminal

The applicable QUBE mission requirements on the quantum
communication terminal are the support of several optical
channels and the according beam steering. This is achieved
exploiting the existing laser terminal OSIRIS4CubeSat as
starting point (Rddiger et al., 2020). In the QUBE mission,
however, the classical channel transmits a 20 MHz clock
instead of data, with the objective of synchronizing with the
transmitted quantum states on the ground.

An achromatic optical system was developed to cover the
downlink wavelengths at 850 nm, 1550 nm, 1571 nm, and
the uplink wavelength 1590 nm. A fiber based thin-film
triplexer was used to combine the transmit wavelengths in a
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single optical mode (Menninger et al., 2021). Figure 1
shows the O4Q payload integrated in the QUBE satellite
with the triplexer aside.

A mechanical alteration was required for the QCT in
comparison to its predecessor mission (Menninger et al.,
2021). O4Q not only has to support a C-band wavelength in
the transmit path, but also L-band and 850 nm. As a con-
sequence, the telescope had to be extended by 10 mm due to
the new optic design. At the same time, the PCB was en-
larged to 104 mm by 96 mm so that the optomechanics still
adhere to the CubeSat’s mechanical structure.

The FPA in O4C and O4Q is equipped with an FSM as
the actuator. The FSM serves to compensate for the residual
pointing error of the satellite in relation to a laser beacon
transmitted from the optical ground station (OGS). Given
the size constraints, it was determined that a micro-electro-
mechanical system (MEMS) based actuator would be the
optimal technology for the FSM. The advantage of high
compactness is offset by a limited mechanical stability.
Measurements from the predecessor terminal O4C showed
that the FSM is the most sensitive component in the payload
with regard to vibrations. Due to the increased size com-
pared to the previous mission, the mechanical stability of the
04Q terminal had to be studied to improve its resistance to
shock and vibration.

2.3 Simulation model preparation

A simulation model was constructed for the purpose of
analyzing the impact of design changes on the natural
frequencies. This is based on the application of FEM in
Ansys. The CAD model of O4Q was used as a baseline that

was derived from the O4C design. The optomechanical
design is firmly defined due to the requirements of a
wavelength multiplexed system, it is therefore not possible
to apply significant changes to it. In addition, the installation
space in the satellite is limited, so that a preferred solution
with external stiffening structures (Rodiger et al., 2023) is
not an option. The simulation model consists of the two core
elements, an FSM and the remaining optical terminal.

Since the FSM is a proprietary product from Mirror-
cletech (Milanovic et al., 2004), no detailed simulation
model is available. Therefore, a substitute model is proposed
to represent the most important dynamics. The mirror itself
is defined as a shell, while the spring effect was added with a
connected beam model representation. While the dimen-
sions of the mirror are known from the data sheet, the
stiffness of the beam was tuned to match the resonance
frequencies at approximately 330 Hz and 1500 Hz for this
device type, A8L2.2-4600(AU). It should be noted that
these values may vary within a specified tolerance.
Figure 2(a) identifies the first natural frequency of the FSM
model through a modal analysis as a tilting motion to be
330 Hz. The color map reflects the scaling of the eigen-
vectors in order to identify that resonance mode. This result
was used to verify the representative model which can be
adapted to the actual FSM device. Afterward the model was
merged with the complete model depicted in Figure 2(b). It
shows the prepared mesh model for modal and random
vibration analysis and to perform the design trade-offs
discussed in the next section.

Since the CAD model contains detailed information,
including the individual soldered components on the PCB,
the FEM model was defeatured without removing any

Figure I. Integration of the laser terminal flight model O4Q into the QUBE satellite. The PCB is oriented vertically and attached to the
mounting rails of the satellite bus. The aperture lens is visible on the lower side.
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Figure 2. The MEMS FSM on its PCB showing (a) a 330 Hz natural frequency mode after modal analysis and (b) the final meshed model

consisting of 500 thousand nodes.

significant mass for the sake of saving simulation time.
Furthermore, an investigation was conducted to ascertain
whether a shell representation of the PCB’s layer stack as
shown in Table 2 yielded identical outcomes as a solid
model. As a consequence of the comparatively thin copper
layers between the core materials, the same results were
obtained in the test run. This resulted in a notable reduction
in computing time while maintaining the same quality of
results. In the case of meshed solid models, a minimum of
two elements were employed throughout the thickness of the
components.

2.4 Evaluation of the initial design

The evaluation starts with the initial design which combines
the O4Q optomechanics and the initial PCB design derived
from O4C. Preliminary simulations have confirmed the
assumption that the natural frequencies of the overall system
threaten to coincide with those of the FSM. The major
influencing factors can be derived by simplified observation
of a mass-spring-damper model. Its natural frequency is

described by
k
o= \ﬁ (1)
m

and the damped frequency by
fa=fovV1—=D2, 2

with D being the damping ratio according to Lehr, & the
stiffness and m the mass. Consequently, various design
modifications targeting stiffness, mass, and damping were
developed and analyzed, which show significant improve-
ments of the system dynamics. They comprise the material
and thickness of the PCB, a damper design and the mounting
interfaces between optomechanics and PCB, which together
influence three properties: (1) shift of natural frequencies,
(2) dampening of response peaks at critical frequencies, and
(3) reduction of induced stress to the support material. The

corresponding design adaptions are discussed in the
following.

2.4.1 Printed circuit board material and thickness. In order to
prevent the excitation of the mirror resonance frequency by
amplifying the input loads from the rocket through the
transfer function of the QCT, it is necessary to ensure that
both resonances of the FSM and QCT are well separated
from each other. If possible, a safety factor of two is de-
sirable. The requisite specifications can be fulfilled by either
reducing the terminal mass or increasing the stiffness of the
optical bench.

Various options for the combination of the core materials
do exist. The ones investigated here are MCL-E-679FG,
MCL-E-700G, copper-invar-copper (CIC), copper-
molybdenum-copper (CMC), and aluminum. The trade-
off is done in terms of Young’s modulus, coefficient of
thermal expansion (CTE), and manufacturing complexity.
The aluminum core material was not investigated in the
FEM analysis due to the significant alterations to the
manufacturing process necessitated by the resizing of vias
and track widths, which would have prevented the allocation
of sufficient space for all components and their intercon-
nections. CIC as well as CMC are composite materials
consisting of a core layer of invar or molybdenum and a top
and base layer of copper for the wiring of the electrical
components. Compared to MCL-E-679FG and MCL-E-
700G, CIC and CMC show a higher Young’s modulus of
140 GPa and 269 GPa, respectively, while the CTE remains
in the same order. Nevertheless, the manufacturing com-
plexity is again more complex compared to FR-4.

As solution for the trade-off, the MCL-E-679FG, a
special variant of FR-4, is chosen. It is designed for build-up
constructions that require high strength and low component
warpage due to a low CTE. It was sourced from the
manufacturer Wiirth and is compared with a standard FR-4
(MCL-E-679FG) in Table 1.

The material MCL-E-700G does improve the Young’s
modulus from about 24 GPa to approximately 33 GPa in the
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Table |. Material properties of the two applicable core materials
standard FR-4 (MCL-E-679FG) (Europe, 17.05.2024a) and a high-
strength variant MCL-E-700G (Europe, 26.07.2024b), where only
lengthwise values are shown.

Property FR4 MCL-700G Unit
Density 1840 n/a kgm 3
Young’s modulus 24 . 10° 33 10° Pa

CTE 12—15 5-9 ppm°C™"

critical direction. In addition, the PCB thickness was raised
from 1.55 mm to 1.98 mm by redefining the layer stack
definition (see Table 2), which just fits into the provided
mounting envelope of the project. The only remaining re-
quirements were a minimum via diameter of 550 pm and a
trace clearance larger than 100 pm. Due to the vacuum
environment in space, ELPEMER 2467 is used as solder
resist, which is proven to provide a low outgassing behavior
according to NASA ASTM ES595 (peters, 22.11.2024).

2.4.2 Damper design considerations. A damper at the inter-
face between FSM PCB and optomechanics was introduced.
The company SMAC offers a range of standardized and
adaptable damper options. The low-profile damper (part
number: REF 101471) was adapted such that a low-pass
behavior attenuates the critical frequencies. At the same
time, however, it was chosen to be stiff enough to ensure that
oscillation during take-off cannot lead to shock induced
stress whenever the elongation length reaches the size of the
gap between PCB mounting and the adjacent opto-
mechanics. This was achieved through the proprietary
material Smactane which reaches a O factor of two. The
dampers are designed to hold the PCB in a sandwich as-
sembly as shown in Figure 3. Both dampers fit into the
cavities of the PCB with their elastomeric side and are fixed
in position with their molded washer, facing the pedestal
stud on the bottom side. This way the PCB is mounted
between both dampers, while they are slightly compressed
by the screw. The mounting holes are manufactured with a
tolerance of 0.05 mm of the radius. Another important
aspect that is covered by the choice of material is a low
outgassing behavior, since the optical components could
otherwise suffer from accumulated particles, reducing the
transmission of light through the system.

2.4.3 Optomechanic mounting interfaces. Based on the find-
ings of the modal analysis, the loads, occurring on the QCT
during take-off, are examined in a random vibration anal-
ysis. It is important that all stresses remain within the elastic
yield strength of the materials. It prevents permanent plastic
deformation that could affect the alignment of the optics or
even lead to damage. Since the highest equivalent von Mises
stress is expected at the attachment points of the opto-
mechanics, these points were examined thoroughly. Due to

Table 2. Modified layer stack with thickness d for the PCB—using
MCL-E-700G as core material—which is symmetrical about the
“Dielectric C” layer.

Layer Material Type d, mm
Top solder ELPEMER 2467 Solder mask 0.020
Top layer CF-004 Signal 0.035
Dielectric | GEA-E-700G Prepreg 0.210
Internal CF-004 Signal 0.035
Dielectric 2 MCL-E-700G Core 0.200
Ground CF-004 Plane 0.035
Dielectric 3 GEA-E-700G Prepreg 0.320
Power CF-004 Plane 0.035
Dielectric C MCL-E-700G Core 0.200

the extended telescope, increased stress was induced into the
PCB. In order to distribute the load more evenly, two ad-
ditional attachment points were provided, resulting in the
final drill pattern as depicted in Figure 4, showing attach-
ment points for the satellite structure, the optomechanics and
the high power laser diode transmitter sub-assembly (see
Figure 2(b)). This measure has reduced the expected stress
by 21.5% to 157 MPa at the maximum.

2.5 Modal analysis and random vibration response

To verify that the results of the analysis are meaningful, the
involved effective mass was first evaluated. The accumu-
lated effective mass contribution after the first 40 natural
frequencies up to 4000 Hz showed the lowest value of
82.3% for the rotation about the x-axis and more than 96.5%
for all other translational and rotational degrees of freedom,
indicating that all significant modes, with the majority of the
model mass, are covered. The smallest effective mass
contribution can be explained by the stiff shell configura-
tion, which has a high moment of resistance about the
normal vector of the PCB shell and will therefore result in
high resonance frequencies. The entry point of standard FR-
4 with 1.55 mm thickness resulted in a first natural fre-
quency of the QCT of about 320 Hz as seen in Table 3
compared to 477 Hz for the modified variant equaling an
increase of 46.9%.

In a subsequent random vibration analysis, the identified
natural frequencies were used to calculate the response at the
FSM actuator, as seen in Figure 5, using the launch vibration
spectrum provided by SpaceX for a Falcon 9 launch. The
overall level yielded 7.5gRMS. Note that these are quali-
fication levels, whereas the acceptance level, which was
used in the final flight model satellite qualification, reduces
the load down to 5.13gRMS. Additionally, the whole sat-
ellite was integrated in a dampened deployer and, therefore,
even lower response levels can be expected for the launch of
QUBE on the Transporter-11 vehicle.
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Figure 3. FSM PCB assembly with the construction of the pedestal stud and the damper.

When comparing the MCL-E-679FG with the MCL-E-
700G, it is clearly visible that the first natural frequency shifted.
But additionally, the introduced damping flattened the response,
such that the amplification dropped from 140 to 70 at the first
peak. It is also evident that the second resonance frequency
range of the FSM extends beyond the —3 dB frequency of the
transfer function and is therefore well dampened.

Another aspect of random vibration loads is the induced
stress on the mechanical parts, which must remain within
structural limits. Therefore, an equivalent stress analysis was
conducted and revealed a high 3¢ level of about 200 MPa for
the given vibration scenario of a Falcon 9 launch. That is
already close to the yield strength of the metal structure and
could even lead to severe damage on the PCB material. An
effective way to reduce stress is to distribute the load. As the
telescope grew in size, it became feasible to incorporate two
supplementary mounting points within the telescope aper-
ture housing, where the maximum stress was observed. This
countermeasure reduces the maximum stress to 157 MPa
which is a decrease of 21.5% and below the yield strength of
aluminum 6061-T6 of 275 MPa and well within the ultimate
tensile strength of 310 MPa.

To gain a more comprehensive understanding of the region
of interest, where the highest stress was identified, a more
detailed examination was necessary. The result shows that the
peak stress exist on the washer belonging to the terminal screws.
The purpose of the washer is to provide an increased surface
area for the distribution of punctual loads, thereby reducing the
load on the PCB. The resulting stress acting at the PCB itself is
at 49.7 MPa which is within the ultimate tensile strength of
standard FR-4 and therefore also true for MCL-E-700G.

3. Hardware compliance validation

The simulation is based on necessary assumptions and
reasonable simplifications concerning the exact properties

of the materials and the influence of the bonded and bolted
mechanics. Therefore, a validation on a vibration test system
(shaker) was planned based on the qualification concept
(Rodiger et al., 2023). The intention was as well to validate
the simulation approach which is then being reused for
subsequent missions. Another part of the validation tests
was an acquisition and tracking procedure test with spinning
reaction wheels, which emit micro-vibrations during oper-
ation. Results of both tests will be presented in the following
where the first and second natural frequencies of the as-
sembled FSM device are 349 Hz and 1550 Hz, respectively.
As previously indicated, the precise resonance frequency
differs among devices due to variations in the manufacturing
process. Therefore, an improvement to the simulation is
expected by substituting the 330 Hz baseline with the actual
eigenfrequency.

3.1 Validation through shaker measurements

The validation test with the shaker was done on payload
level. A test on payload level excludes dampening effects by
the satellite structure or the transfer function of the dis-
penser. This allows to analyze the effects of the measures
described above isolated from the final environmental
mechanics. Figure 6 shows O4Q installed on the shaker. The
payload was tested according to the ECSS standard for
environmental testing (ESA, 31.05.2022). This includes a
modal analysis before and after every test and a sine and a
random vibration test in all three axes. This results in a total
of 15 tests, with the order of the tests being modal-sine-
modal-random-modal for the x-, y-, and z-axis. The reso-
nance search test for the qualification of the payload was
successful, as defined by the ECSS standard, since the first
natural frequency was at 446 Hz and did not change by more
than 5%, while the amplitude changes stayed below 10%
throughout the tests.
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Figure 4. PCB drill holes placement for mounting interfaces to satellite structure (blue), optomechanics (orange), high power laser diode

assembly (green), and the introduced stress release mounts (red).

To validate the simulation, the resonance search of the
mentioned modal test sequence was used as reference, from
which the detected natural frequencies can be extracted.
Table 4 contains both data including the deviation Af be-
tween simulation and hardware test.

Given the aforementioned simplifications made to the
model, deviations are to be expected. The reduction in
components leads to a decrease in mass and an increase in

Table 3. Natural frequencies below 2000 Hz found by
simulations for FR-4 and MCL-E-700G configurations.

Mode MCL-E-679FG (FR-4), Hz MCL-E-700G, Hz
| 320 477
2 362 523
3 460 696
4 1105 1108
5 117 1475
6 1195 1761

stiffness compared to realistic bolted connections. It is
evident that both of these factors result in an overestimation
of the first resonance frequency. However, the deviation of
31 Hz for the critical first eigenfrequency of the opto-
mechanics is acceptable because the primary focus of this
study was the relative improvement.

On another note, the vibration response spectrum was
analyzed using the shaker measurements. Note that the
sensor position indicated in Figure 6 is not at the FSM PCB
position, since doing so would significantly alter the local
mass. Therefore, response curves between measurement and
simulation are not expected to be perfectly identical. When
comparing the results to Figure 5, the first peak at the
resonance frequency shows an amplification of 20, rather
than the 70 identified in the simulation. This indicates that
the damping was underestimated in the simulation, which
again leads to an overestimation of the first eigenfrequency
compared to the experiment.

A final flight acceptance test was carried out with the
fully integrated satellite flight model. All parameters were
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Figure 5. Comparing the random vibration spectrum (a) before and (b) after the design changes with a visible shift of the resonance peak
and dampening of the dynamic response in the critical frequency bands marked in red.
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Figure 6. O4Q shaker test setup with the engineering and qualification model.

nominal and the procedure for a downlink showed a
scanning spiral which verified that the FSM had also sur-
vived the final ground test.

3.2 Micro-vibration impact analysis

In addition to the considerable loads experienced during
launch, which must be withstood when the satellite is de-
activated, there are also vibrations present within the sat-
ellite during its operational phase. These micro-vibrations
are predominantly generated by the attitude control system,
particularly by the reaction wheels. The reaction wheels
generate angular momentum through the combination of
moment of inertia and rotational speed, which also acts on
the satellite in accordance with the law of conservation of
momentum. The rotational speed, which is measured in
revolutions per minute (RPM), can then be used to derive an

Table 4. Comparison of natural frequencies below 2000 Hz
found by simulation and the resonance search executed between
5 and 2000 Hz with 0.5 g and 2 octaves per minute.

Mode f;imulationv Hz ﬁaxperimentv Hz Af: Hz
| 477 446 =31
2 523 584 +52
3 696 748 +52
4 1108 1064 —44
5 1475 1445 -30
6 1761 1842 +81

oscillation frequency in Hertz. The harmonic, superimposed
frequencies of higher orders are determined as an integer
multiple N. For the FSM under consideration, the critical
RPM setpoints are

349Hz-60smin' - N, NN, 3)

whereby the effect decreases with each order. Thus, the
critical speeds in descending intensity are approximately
21000 min~—', 10500 min~!, 7000 min~', and so on.
However, the highest rotational speed cannot be reached in
the present system, so the remaining two were analyzed.
Figure 7 shows the standard deviation of the incoming
power at different rotation speeds of the reaction wheels. In
this test, all six were operated uniformly, which represents a
worst-case scenario.

In order to align and test the tracking system in a lab-
oratory setting, a dedicated optical ground support equip-
ment is employed (see Figure 7). The system is based on an
optical system comprising a fiber collimator, beam splitter,
afocal telescope, and a camera. A beacon laser is connected
to the fiber collimator, and the laser beam is transmitted
through the beam splitter. Subsequently, the telescope ex-
pands the beam (orange) to exceed the terminal aperture.
This emulates a laser beacon transmitted from an OGS and
can be used to test the tracking system. The laser transmitter
of the terminal can enter the telescope and is reflected by the
beam splitter toward the camera (green). In this configu-
ration, the terminal tracks the beacon signal while the
camera monitors the transmitter laser beam.
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Figure 7. (a) O4Q validation with (1) beacon laser, (2) waveform
generator for transmit clock signal, (3) beacon laser fiber input,
(4) power-meter, (5) O4Q, (6) QUBE satellite, and (7) camera for
transmit signal observation and (b) microvibration analysis
integrated in the satellite with running reaction wheels.

During operation, a downlink procedure with acquisition
and tracking was started. The link was established and
maintained. However, it could be seen that the closed-loop
tracking error shows a higher standard deviation when the
satellite is operating in the critical speed range. A test was
carried out over 20 minutes at the worst-case operating point
of 10500 min~". It resulted in a maximum 3¢ tracking error
of 724 rad which is well within the approximated full width
half maximum divergence of both 1550 nm with 118 rad
and 850 nm with 95u rad and can therefore fulfill the
pointing requirement of —3 dB or less.

After evaluating the launch vibration qualification and
the microvibration tests, both could be closed with a success.
04Q was launched into orbit on the 16™ of August 2024
(Vandenberg, USA) by a Falcon 9 rocket. Contact with the
satellite was established, and after the subsystems were

checked out, the first successful tracking results validated
the functionality of the QCT (Rodiger et al., 2025).
Therefore, there is sufficient evidence to support the con-
clusion that the improvements and testing efforts of this
study yielded the expected results.

4. Summary and conclusion

The primary objective of this structural analysis is to modify an
existing system in a manner that allows for the survival of a
rocket launch without damage, while simultaneously meeting
the pointing requirement under the influence of micro-
vibrations. Specific consideration is given to the FSM,
which is vulnerable to vibrations due to its optimized size and
delicate construction. A representative simulation is employed
to assess the efficacy of design alternatives. This assertion has
been validated by a vibration test system. As a mean of en-
hancing the structural integrity of the PCB, the use of the robust
MCL-E-700G material has been incorporated into the design,
thereby augmenting the strength of the PCB employed as an
optical bench and consequently shifting the critical natural
frequencies into the desired range. The choice was a trade-off
between the available envelope and the structural requirements.
Although the design change is sufficient, materials with an even
higher modulus of elasticity have been identified for a potential
future mission launch vehicle with higher expected loads.
Moreover, a damper is mounted between the FSM board and
the optomechanics with the objective of further suppressing
critical vibrations. Finally, two additional holes are drilled in the
telescope to reduce stress in this location to a minimum. Both
the payload qualification test and the acceptance test of the flight
model in the satellite were successfully completed. As a result,
the margin between the critical resonance frequencies was
increased by 1.28 which will allow the payload to survive
launch. Further, the structural integrity will be kept due to a
decrease of 21.5% of maximum mechanical stress during
launch. Finally, the acquisition and tracking behavior was
validated in the installed satellite achieving 72 rad of pointing
error, faced with worst-case micro-vibration conditions, which
is still within the divergence of the system and therefore gives
enough margin for in-orbit operation.
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