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ABSTRACT

Freespace optical communication enables higitarate, power efficientlinks for small satellite
missions and is a key enabler for sphased quantum key distribution (QKD). However, the narrow
beam divergence of optical links imposes stringent requirements on pointing accuracy, particularly
during link acquisition betweespacebased terminals. Unlikepaceto-groundlinks, intersatellite

optical terminals must rely solely on onboard resources, making attitude uncertainties and
misalignments between spacecraft attitude determination and control systems (ADCS) and laser
communication terminals (LCTs) a challengee QUBE missioywhich demonstrates experiments
towards QKD is used to verify LCT internal gyroscope calibration and to analyse the performance
of the opticalspaceto-ground link. This work thereforepresentsthe validation of an ciwrbit
calibration method for CubeSalass optical terminals by aligning an LCT gyroscope with the
spacecraft ADCS reference franfdditionally, the alignment between LCT and ADCS reference
frames is estimated basedn high-ratetracking data from the fasteering mirrotthat provideghe

mean offsets with r e$g@néngturing oloseddoe trackiag GaHorbiti t e 6 s
pointing,acquisition and tracking results from optical downlinks demongtagid acquisition times

of 2 sacondsandtrackingof up to 97.5% of théotal operationtime, equivalent to 7 minutes and 25
seconds

1 INTRODUCTION

Satellites have become indispensable across commungakanth observation, and scientific
missions, with small satellites in particular enabling rapid andeftistent deployment of space
infrastructure. Ashese spacecrattke on increasingly daiatensive tasks, radifsrequency systems

are reaching their limitdzreespace optical communication (FSO&fjersa promising solution by
providing high data rates, low power consumption, and reduced spectrum constraints, making it
especially valuable for small satellites with limited onboard reso{tgddowever, these advantages
come at the cost of extremely narrow laser beam diverganrés the diffraction limif which
demangprecise pointing and high attitude knowledgdlihectto-Earth (DTE)inks, relatively wide

and powerful beacon beams frdine optical ground station (OG&N)d accurate orbit knowledge help
mitigate this challenge by illuminating the satellite and reducing the seaceitaintyspace for the
satellitelaser communication terminal (LCTIn contrast, opticahter-satellite links (ISLs) mustbe
established autonomously between terminals on two spacecraft, both operating vdihelmence
beamgdue tolimited beacon powér available on CubeSdisto extend the maximum link distance

As a result, the acquisition time increases rapidly with any uncompensated attitude uncertainty
between th& CTs[2].
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A challenge in current architectures is that the satellite bus and_the@re commonly supplied by
different vendord3]. As aresult, higual i ty attitude i nf oattitooet i on
determination and control system (ADCS)often not shared with the optical payload, despite its
relevance for pointing and acquisition performance. Previous work has shown that exchanging
attitude knowledge between subsystems can significantly improve pointing st&oitigkample by
feeding optical payl oad measur ement s-aresecond t he
stability during an active link4]. Such techniques are particularly effective in dynamic scenarios,
including high-elevationDTE passes, pointing towess@®GSbeacons, or maintainingccurated SL
formations However, these approaches assume that a link is already established and optical feedback
is available. During the acquisition phase, no optical feedback is present, andasi@tbitypically

relies solely on internal senspssich as gyroscopes. Methods inspired by camera or gimbal control
systems compensate disturbances using measured drift rates inlotysedntrollerg5], but they
generally exploit only intrgimbal sensor data and often require kpgifformance inertial sensors,

such adibre-optic gyroscopes, which exceed the size, weight, and p(BWAP) constraints of
CubeSatlassLCTs[6]. While compactintegrated optical gyroscopes for small satellites are under
developmen{7,8], this work focuses on commercially availalohécro-electremechanical system
(MEMS) gyroscopes that can be mounted directly onLf6&d s pay | o a dnaietdinengd r o n i
fixed orientation relative to the optical axis.

An integral challenge in establishing the first link is to ensure that the coordinate systeelsQiF
andthe ADCS match the design. Efforts were made by the TBIRD team to measure the mounting
offset before and after the rocket launcin. éfsetof 0.22degreeswith respect to the boresigivias
measured9]. The DLR OSIRISv1 mission, which was based on pure {padyting, determined an
initial offset of 0.01degree$10]. Stateof-the-art systems are equipped wafine pointing assembly
(FPA) to establisha field of regard (F®) that can compensate for certain mounting offsets and
disturbances. In the OSIRIS4CubeSat example ROR has ahalf-angleof 1 degee However, a

initial offset of 1.636°for the first axis and..066°for the second axiweremeasuregdafter extensive
searchpattern where executedhich ledto commanded offsets in the satellite bgubynting[11].

The CLICK-A mission from MITusesthe samd-ORin their LCT but did not measure any offsets
[12]. Common to all examples is the fact tistdtic offsets areknown after the first linkhowever,
there magnitude differsignificantly. Additional dynamic instabilities within théody-pointing
control accuracy are left unnoticed by the Ldlifing acquisitionTherefore, a gyroscope is proposed
to propagate drift within the fieldf-uncertainty from ADCS 1 Hz updates, but at the scan rate of the
LCT.

The main contribution of this work is the validation of theashit calibration of a MEMS gyroscope,
providing a preliminary evaluation of its performance in relation to the requirements of future optical
ISL missions, and assessing ttoebustnesf the QUBE mission's lirkk Section 2 provides an
overview of the QUBE mission, including the OSIRIS4QUBE LCT, and it briefly explains the
concept of augmenting the LCT's attitude knowledge using an internal gyrasctessiforward
body-pointing instabilityknowledgeto thefaststeering mirror ESM), which motivates the analysis

of this device's performance during the QUBE mission. Sectewaliates the boedgointing errors

of the satellite's ADCSwhich are the foundation fothe gyroscopecalibration results and
additionallyevaluates theptical PATperformancef 2025

2 POINTING, ACQUISITON AND TRACKING ON QUBE

The following section highlights the QUBE mission and its relevance @earsormission for
technology demonstration. Next, the concept of fieedlard compensation of bogyointing
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uncertainties through gyroscepapported propagation is outlined. This raises the need for gyroscope
calibration and assessmenttsfpropagation errorgerformed in thdollowing section

2.1 OSIRIS4QUBE asa Precursor for Classical andQuantum Key Distribution Missions

OSIRIS4CubeSat was the first LCT developed by DLR, especially for the pufpos®/idinglaser
communication on CubeSdts3]. This technology was intended to be used as a technology base for
future developments. Especially the FPA underwent intensive testing and chsatoterThis is the

key technology to establish an optical conneciamdependent from DTE @n opticallSLA at all.

The FPA hasmFORof £1° in which the=SM can compensate residual pointing errors of the carrier
platform which is a satellite in this cagen the other hand, this means, that the platform has to point
with an error less than half-angleto the communication partner (OGS or other LCT). The modular
approach, especially the reusability of the FPA as the core technology, enables short development
times, limited qualification risks and faster technology verification in orbit. Thus, DLR éstabl
follow different development paths towardsantum key distribution (QKDand towards fully
operational LCSE. These can serven different platforms like small satellites, drones dngh-
altitude platformsincluding optical ISL and attitude independent communicatimsing dedicated
coarse pointing mechanisms

These individual development generations allow DLR to test and verify single technologies as
precursoffor future missions. OSIRIS4QUBE is the first evolution of OSIRIS4CubeSat in the QKD
path. With its adapted optical system, it enables technology validation of experimentadi@ials

in spacg14]. The insights and gained knowledge of this mission can directly be transferred to future
missions.The first iteration towards improving the classical FSOC was CubelSL, which involved
extending the OSIRIS4CubeSat with an optical receiver, a modified transmitter system, and a data
handling unit, in order to enable optical ISLs on CubeBa&} which will in turn benefit from the

results of QUBE.

For the QKD iteration, the lessons learned from OSIRIS4CubeSat were transferred to OSIRIS4QUBE
to improve the reliability and probability of optical link&dditional technologies to increase the
performance antb prepare the terminal for future missions were integrated. One exanaptelis
containednertial measurement unit (IMU) consisting of gyroscopes and magnetgsriteiecrease

the pointingknowledgeof thepayload The pointingaccuracyof+1°( 3 0 ) can b-ef-thenet by
art 3U CubeSat systems as demonstrated in Se8tbrHowever, for optical ISk a pointing
knowl edge of NO.1A (308) or better [2s necessar

2.2 Attitude Knowledge Augmentation Concept of the Laser Communication Terminal

An optical ISLon CubeSats plasstringent demands on attitude control, since even minor pointing
errors can result in the narrow optical beam divergence being excdealednt 6U platforms
demonstrate that attitude knowledge is typically more precise than achievable pointing accuracy, with
control stability often limitedvith respect to the optical systdaym micro-vibrations, mounting offsets
between the body and optical frames, amstability drift accumulating betweeADCS control
updates. These effects distort search trajectories and significantly reduce the acquisition probability
once the spadoepcenfadbst yiaeppdr oac hFOV. Toaddressthise e d s
the proposed attitudaugmentation concepwith feedforward compensatiorof bodypointing
uncertaintie$18] enables tighter coupling between theCS and the optical terminah the absence

of an optical reference signal on the quadgnitodiode (QPD)as depicted ifrigurel.

High-rate propagatiaih driven by onboard inertial sensors and periodicalfinitéalised using the
ADCS state estimate provides a refined attitude estimate at the temporal resolution required by fast
scanning patterngsed in optical ISLsThis propagated estimate serves as afeedard correction

to theFSM, effectively compensating for shanmnescale disturbances that the baseline huuigting
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cannot reject. By aligning sensor reference frames through prior calihetidiby leveraging high

rate gyroscope data (or other faampling sensors), the concept reduces pattern distortion during
acquisition, thereby increasing the robustness of CubeSat optical links without relying on major
hardware modifications.

ATTITUDE
ADCS > ESTIMATION o GYRO
CONTROLLER
+ DRIVER —P FSM — QFD
SEARCH LOGIC
A During Tracking !

Figurel. When gyroscope and ADCS coordinate frames are calibrated with respect to each other,
gyroscope data can be used to propagate ADCS attitude estimation within tie8l.CT

In addition, the acquisition process can be further accelerated by estimating the static mounting
offset between the LCT and the spacecraft bus. Mechanical tolerances inevitably cause small
misalignments between the-bgilt hardware and the CAD refereritame, and if this offset places

the optical axi s out s-of-dreertaintyethetingial anquisitooh tong can o mi n
increase substantiallyhis offset can be identified by comparing the-paéibrated gyroscope
measurements of the LC&Xpressed in the FSM frame, or the FSM offsets themselves after a
successful initial link, against the corresponding ADCS inertial data.

From these data, an estimated rotation matrix can be constructed whose deviation from the
theoretically modelled designed transformation reveals the true installation bias. Incorporating this
offset estimate during acquisition ensures that the searchrplad¢igins closer to the actualget
direction, significantly reducing the time to establish the link.

3 ON-ORBIT PERFORMANCE ANALYSIS

The following section briefly discusses the results of therit bodypointing performance of the
satellite with respect to a given attitude knowledge. The attitude knowledge is used as a reference to
calibrate the gyroscope of the LCT-orbit, which B necessary for the fedorward compensation
concept proposed for Cubel@is describeth Section2.2 Finally, the optical PAT performancd

the 2025 linksis analysed

3.1 QUBE Attitude Determination and Control System Accuracy

The ADCS of QUBE provides the inertial pointing performance required for the optical laser
experimentg4]. During ground station tracking, a tirdependent reference attitude is generated
using GNS$&based orbit information and the known OGS coordinates. This results in a continuously
varying inertial target that must be tracked accurately, particularly dbigigelevation phases
where angular rates increase significafit].

Attitude determination is performed using star tracker measurements fused with gyroscope data,
ensuring high absolute accuracy while enabling continuous state propagation during temporary star
tracker outages. Attitude control is reall via a threexis reaction wheel configuration, with
magnetorquers used for momentum manageri@etcontrol system is based on a quaterhiased
feedback controller that directly processes attitude and angular velocity error within a unified control
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law. This approach provides stable reference tracking and disturbance rejection without the need for
a cascaded attitude and rate loop archite¢tjre

The residual control error of the ADCS directly affects the optical tracking performance, as remaining
inertial misalignments must be compensated by the FSM within the optical terminal. In this
architecture, the ADCS provides lewequency, largamplitude corrections, while the FSM
compensates highérequency, smalamplitude disturbances. A stable inertial platform therefore
reduces the dynamic load and saturation risk of the FSM.

Three representative -orbit control error plots for optical experiments are showrkigure 2,
Figure3 andFigure4. The corresponding passes were conducted or'fiué Rlay 2025 (maximum
elevation 67.75°), the ¥3of May 2025 (48.03°), and the ®8®f August 2025 (19.88°), respectively
[16]. Each graph presents the attitude control error for all three bodyohtes satellitetcogether
with the star tracker validity flag.

Figure 2 corresponds to the pass with the highest maximum elevation. During this experiment,
slightly increased control errors can be observed, particularly during theleigtion phase where
satellite angular rates are at their highest. Nevertheless, thealesicbr remains mostly belax®.2°

for the axes relevant to the optical pointing directwhich arethex-axis and yaxis
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Figure2: In-orbit ADCS control error during optical experiment on th&a? May 2025 (maximum
elevation 67.75°) with indicated star tracker validity.

Figure3 shows a mediurelevation pass with less demandingcking dynamics. The control error
remains well within £0.2° for most of the tracking period. A temporary star tracker outage can be
identified by the validity flag. However, there is no immediate degradation in control performance
during this intervaldue to the use of gyroscepased state propagation within the attitude filter.

Figure 4 represents a lowlevation pass with comparatively low angular rates. Accordingly, the
control error remains at a low level throughout most of the experiment. A slaodient peak is
visible in the data and is currently under investigation, as it cannot yet be conclusively attributed to a
specific disturbance source.
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Across all three figures, periods of star tracker unavailability do not immediately result in increased
control error which is however based on the attitude knowledge estimation itself. During these
intervals, the attitude estimate is propagated using AD@ginternal gyroscope dat&econdary
absolute sensor datke magnetometewere not used, based on the lessons learned from the PIXL
mission The indicatios of actual errors with respect to the optical axes are discussed in Se8tion
Oncethe star tracker provides valid measurements agsjipically after angular rates decreasa

sudden adjustment in the control error can be observed. Thidikeelpehaviour reflects the
accumulated drift of the propagated attitude estimate during the outage period. The magnitude of this
correction depends on therdtion of the outage and the gyroscope bias stability.
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Figure3: In-orbit ADCS control error during optical experiment on th& aBMay 2025
(maximum elevation 48.03f17] with indicated star tracker validity.
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Figure4: In-orbit ADCS control error during optical experiment on th& @BAugust 2025
(maximum elevation 19.88°) with indicated star tracker validity.

Overall, the residual control error remains predominantly below +0.2°, particularly for the axes
determining the optical pointing direction. Rotation about the optical boresight is of lower relevance
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for link performance, as it does not affect the alignment of the pointing axis stwaiground station
when no point ahead angle is usé&te results demonstrate that the ADCS provides a sufficiently
stable inertial platform, limiting the dynamic load on the FSM and reducing the risk of saturation
during optical experiments.

3.2 Gyroscope Calibration Results

MEMS-based gyroscopes are subjecirteasuremergrrors. There are both bias and scaling errors,
which can vary depending on the devie®wever, these can be determined using known methods
such as leastquares optimisatiofi9]. Ideally, the gyroscope should therefore be calibrated on the
ground against a known reference, which can later be transformed to any coordinate system. It is also
important to ensure that the calibration is carried out under different environmentalorends
discussedn the resultdelow. The coordinate system of tl&SM is a good choicef reference for

an LCT.However, the relatively small angr changes that aggresentluring closedoop tracking
make it difficult to calibrate the gyroscopgainst this referenceéloweverusing arestablished link,

the calibration can also be performeebmbit with respect to the optical system. Due to the novelty
of this estimation algorithm, no ground calibration was performed for OSIRIS4QUBE. However,
despite this circumstance, the significant¢he estimatiortan still bedemonstrated

A data set from a tumbling phase of the satellite and two data sets from overflights were used as a
basis for ororbit calibration.The data was recordaimultaneoushatthe LCT (raw and calibrated)
and atthe ADCS (reference)seeFigure5b), where the »axis and the -axis belong to the optical
pointing directionin the local gyroscope coordinate systdfarthermore, temperature fluctuations
were recorded but not taken into account during this stucdhasn inFigure5a. For all considered
measurementshere is a temperature rangetween oA Cand p @ Clt can be seen that the
temperature of the sensor placed on the-pigiver laser diode (HPLD) generally increases faster
than that of the sensor on the microcontroller unit (MGAich is the expected behaviour due to
thermal dissipationlt is also visible thatfor links from August onwardghe temperature of the
HPLD rises faster than before this date. Thiadsountedor an increased laser power, which was
configured from previouslyg ™m Wat thefibre output tox gn Win June 2025.
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Figure5. (a) Temperature recordings at the MCU and the HPLD with laser power settings of
o T Wandyx gnWand(b) concatenated gyroscope measurements from three measurement sets
ranging from May ta@ctober
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Using the above measurement set,géeeralkalibration was found to be

PEITTCUL TP QP pTBIG Yp_ TITMT O
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which leads to computddMS errorsfor the general calibratiowith respect tdhereferenceof 0.18
°/sfor the 290f May,0 . 1 4or tAe/ 18" of May and 3 °/sfor the 13" of August and for the link
specific calibrationRMS errors 00.13 °/s, 0.12 °/s and 0.21s respectivelywhich are the optical
links analysed in SectioB.3. Based on th&e measurements;igure 6 summarses the values from
the gyroscope calibration and the optical tracking tests.

The actuakstimatedalignment is derived from the mean errors of the FSM angles with respect to its
centr al position wi t baset drtheetteee sndividuatliaksaddindicated at i ©
with the dashed lines. Additionally, based on the found calibration, the RMS propagation error of one
second of gyroscope integration is marked with an uncertainty area. It can be seen that the general
calibration thatwhichdoes currently not account for temperature changes and is sampled with only

1 Hz, lies outside the FOV of the LCT. However, the link specific calibration shows that, when
accounting for additional dynamic calibration errfit8], an accuracy at about the size of the FOV
could be maintainedTherefore, after applying the mean offset found between the body frame and
the LCT frame, as well as a calibration that accounts for dynamic efféwts gyroscope
measurements can be used to propagate the ADCS attitude within 1 Hz update intervals. This
maintains the correct pointing direction in the absence of an optical feedback signal, with an accuracy
similar to that of the FOV.
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Figure6. Estimated alignment based on optical tracking and gyroscope measurements.

3.3 Pointing, Acquisition and Tracking Results

To increase the probability of a successful missionsterahd tests with theCT [20] were carried

out on the ground in advance. In the next steplL @€ was fully charactesed againintegrated in

the CubeSatlight model The influence of micrwibrations on the optical tracking error was also
analysed21]. Bothvalidation testserved to minimize risk artd rule out performance degradation.
Thanks to the precise pointing of the satellite, it was possible to establish a link at the first link attempt
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on the 29 of May. Figure 7 summarises further link attempts and indicates statistics over several
overflights in order to gain insights into reliability.

Out of a total 0of19 attempts in 2025 in total nine were successful, meaning that an optical tracking
lock was achieveat 47% of the overpasseBhe longest tracking time on the™8f May was 7
minutes and 25 secondshich means 97.5% tracking ratio with rief interruption as described

later. The mean tracking rateecrossall nine links is 71.2%.
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Figure?. Tracking linkstatistics over akuccessfuattempts in 2025.

Continuing with a more detailed analyof successful linkgrigure 8 depicts the performance of
three links Figure8a shows the very first link attempt with successful R#ere the LCTlosesthe
lock shortly after the star tracker readings becamalid (seeFigure2), which is likely due to the
high rotatiorrates needed for 68° of elevatidrnis happened at about 21:14,@Mere all axes show
an absolutaotation rate higher than 0.5 °/s.

Figure8b depicts a link with almost continuous tracking throughout the ovewptsan acquisition

time of 2 secondsThe interruption is accountddr an overcompensatiom the automatic gain
control of theoptical to electricasignalpath which led to a temporary loss of signal. It is also visible
that after an invalid star tracker lock, which occurred around 21:02:15, the rotation rates of all axes
indicate a rate higher than 0.3 “Thiecontrol error of the ADCS (sdggure3) as well as in the FSM
derived boresight errandicate that the pointing error of the bogbpinting increaseswhile the

optical tracking error mean remains at the same magnifindetracking lasts 97.5% of the total link

time, equivalent to 7 minutes and 25 seconds.

Figure8c demonstrates a link with 20 degrees maximum elevation angle, where the peirdimg

the ADCS wasstable which can be also accounted to an almost constant valid flag of the star tracker
(seeFigured). After 26 seconds needed facquisition,the link could be establisheddheld until

the end of the overflight.

These findings highlight the interplay between elevation angle and tracking performance. While
higher elevation angles generally resualiarger bodypointing errorsdue to increased rotation rates
that challenge the employed star tracker, lower elevations yield improved atbiutrel
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Currently, the optical LC@ tracking errorfalls behind the anticipated performance. To investigate
this behaviour further, the pointing error derived from the FSM is analysed. Closer observation of the
signal reveals no strict periodic oscillation. However, error peaks are visible to occureguéaiy

at intervals of about 0.5 Hz. Comparing this value with that of the ADCS control loop shows that this
update frequency corresponds to the update rate in the target tracking g{ddlance
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Figure8. Trackingat (a) the  of May, (b) the 18 of May and (c) the 1of August 2025.

To evaluate the control rejection bandwidth required to compensate for the ADCS tracking slew rates
relative to the optical axds known as the pointing instability r&teby the FPA tracking loop, this

rate can be derived from the FSMhe PIXL-1 missionencountered pointinigstability rates of about

0.05 A22s (T®&) LCT itself was designed and tes
instability of QUBE, a rate of 0.1047 °/s was calculated.

Therefore, the proposed explanation for the residual LCT pointing error is a combination of the
relatively slow target adjustments at 0.5 Hz and the ADCS pointing instability rate being close to the
LCT's disturbance rejection bandwidfhe LCT mustcompensate foerrors relating tothe optical
axeswith an additional magnification gain due to the telescopleich canleadto an inherent lag
error at t h-leop tor@rdllérat insthbibitg rates beyondhat specified above This
explanation is further supported by a comparison with an LCT control loop simukssed on prior
system characterisation, depicted-igure9.

This simulation shows that reducing the instability rate would improve the performance of the optical
link, as it indicates similar mean errors and standard deviations. Measures to reduce optical tracking
errors couldhereforenclude making the ADCS controller less aggressive with respect to the optical
axes, increasing the target reference update rate to reduce reference error accumulation, increasing
the optical FPA tracking bandwidth, or implementing a combination of theasures. Thesgtions

are being investigated as part of ongoing work.
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