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Abstract—Upcoming free-space optical communication mis-
sions will require simultaneous, multi-link operation using several
optical terminals on small satellite platforms. Achieving sub-
milliradian pointing stability under these conditions demands
coordinated control of actuators with diverse bandwidths, ranges,
and accuracy. This paper presents a multi-terminal attitude ma-
nipulator testbed, developed for hardware-in-the-loop validation
of such systems. The setup combines precise attitude emulation,
fine and coarse pointing assemblies, and real-time optical track-
ing emulation to evaluate sensor calibration, control allocation,
and feed-forward compensation strategies. Experimental results
demonstrate improved attitude knowledge propagation through
online bias estimation, improved risk mitigation through micro-
vibration testing, and stable offloading between fine and coarse
actuators. The testbed provides a flexible, high-fidelity environ-
ment to validate distributed control and coordination concepts,
bridging the gap between simulation and in-orbit testing for next-
generation optical communication networks.

Index Terms—Free-Space Optical Communication, Hardware-
in-the-Loop, Attitude Control, Multi-Link Optical Terminals,
Over-Actuated Systems.

I. INTRODUCTION

Future free-space optical communication (FSOC) systems
for space applications will not only serve as high-capacity data
relays for classical communication, but will also enable precise
time transfer, ranging, and quantum key distribution [1], [2]. A
recent use case is demonstrated by the company Kepler, which
is launching a next-generation optical data relay network in
January 2026, featuring ten satellites, each equipped with a
minimum of four optical terminals, enabling high-throughput
laser links for real-time, low-latency connectivity between
space, air, and ground assets [3]. A central challenge in
all optical communication scenarios lies in achieving highly
accurate and efficient pointing, acquisition and tracking (PAT)
functionality. The host satellite’s attitude control provides the
baseline for overall pointing accuracy, which can be further
enhanced by incorporating dedicated actuators within the
optical communication subsystem.

Typically, a fine pointing assembly (FPA) enables fine laser
beam steering based on optical feedback from a tracking
sensor, achieving control bandwidths up to the kilohertz
regime. Complementarily, a coarse pointing assembly (CPA)
extends the field of regard (FOR), allowing pointing with
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fewer restrictions on spacecraft orientation. Managing mul-
tiple actuators with differing bandwidths and performance
constraints requires a carefully designed control allocation
strategy to make optimal use of their combined capabilities.
This challenge becomes even more significant in multi-link
scenarios, where separate but simultaneous pointing objectives
must be fulfilled. In such cases, dynamic control allocation [4]
provides notable benefits, particularly for FSOC in satellite
constellations or CubeSat missions [5]. While CubeSats offer
cost-effective access to space, their limited attitude control
performance emphasizes the importance of advanced, multi-
actuator coordination and test validation under realistic hard-
ware conditions.

This work addresses the need for a dedicated multi-terminal
attitude manipulator (MTAM) testbed capable of demonstrat-
ing hardware-in-the-loop operation of multiple optical links.
Such an experimental platform is essential to verify acquisition
and control allocation methods, validate actuator coordina-
tion concepts, and assess tracking performance under real-
istic, coupled system dynamics before on-orbit deployment.
In Section II prerequisites as well as specific demands for
laser communication terminal (LCT) systems are described.
In Section III the specific implementation and initial results
of the MTAM testbed are analyzed.

II. MISSION DEMANDS FOR SATELLITE LASER
COMMUNICATIONS SYSTEMS

A. Satellite Laser Communication Systems

The number of optical communication terminals deployed
in space continues to grow steadily [6], largely driven by the
expansion of large satellite constellations [1], [7], [8]. These
missions often require multiple optical terminals mounted on
a single spacecraft platform to support simultaneous inter-
satellite and ground links. Although individual terminal de-
signs vary, most rely on a combination of three key actuator
types, described in the following.

The use of FSOC aboard mobile platforms such as un-
manned aerial vehicles, high-altitude platforms, aircraft, or
satellites is particularly advantageous because these platforms
can provide unobstructed optical paths over long distances.
As shown in Figure 1, this work focuses on satellite-based
configurations, which serve as representative effectors. The
figure illustrates the typical components of a satellite LCT.
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Fig. 1: Representative illustrations of FSOC subsystems with (a) an integrated 3U CubeSat, (b) a hemispherical CPA designed
in a gimbaled prism configuration, and (c) a commercial hybrid reluctance actuator (HRA) fine steering mirror (FSM) [9].

Including the spacecraft and its attitude determination and
control system (ADCS) in the analysis is critical, as the
satellite’s body pointing cannot be decoupled from the pointing
of the LCT. A single platform can host several LCTs to
establish both inter-satellite and ground connections. Com-
monly, an LCT integrates a CPA to extend its pointing range
and an FPA to maintain fine alignment and compensate for
high-frequency disturbances [10]. Depending on the mission,
additional actuators may be integrated—for instance, for fiber
coupling or point-ahead angle adjustment. Multiple attitude
references, such as inertial measurement units, horizon sen-
sors, sun sensors, and magnetometers, complement the dedi-
cated tracking sensors of each terminal, which may employ
quadrant photodiodes [11], position-sensitive devices [12],
or focal plane arrays [13]. Dual-sensor configurations with
differing field of view (FOV) are also common to facilitate
rapid acquisition and precise tracking [14].

Control allocation is therefore proposed to consider the
heterogeneous sensor inputs and actuator characteristics of
over-actuated FSOC systems. For constellation missions in
particular, coordinated multi-terminal control is essential, mo-
tivating the need for an experimental platform to test such
distributed, high-precision pointing strategies under realistic
hardware conditions.

B. Master Attitude Controller

A concept to address these challenges is being developed
within the optical space infrared downlink system (OSIRIS)
mission framework. The proposed master attitude controller
(MACQC) unit [15] functions as a centralized control and co-
ordination element for multi-terminal systems. This section
outlines the general principles and hardware components of
the concept.

Requirements for the MAC derive from state-of-the-art
missions and commercial solutions. During acquisition, the
ADCS provides the most accurate attitude information relative
to the optical link target, crucial for improving link acquisition
probability and reducing mean acquisition time [16]. However,
due to limited update rates, it cannot compensate for high-

speed pointing errors, highlighting the need for self-contained
attitude sensing within the LCT that can propagate the highly
accurate ADCS attitude estimation between updates and feed-
forward it to the fine pointing assembly to pre-distort the scan
pattern [10].

During optical tracking, the ADCS could benefit from
enhanced pointing data from the LCT, yet most CubeSat
buses do not natively support such feedback integration.
Implementing this interface would typically require custom
engineering effort. The MAC offers a higher-level integration
alternative by utilizing existing pointing offset interfaces on
standard satellite buses, allowing the LCT to provide high-rate
reference updates while preserving platform safety constraints.
This setup mitigates issues such as star tracker dropouts during
fast rotations and allows continuous link stability [11]. The
MAC thus provides a modular and scalable foundation for
multi-link operations across heterogeneous platforms.

C. Multi-Link Scenario

In over-actuated systems, additional degrees of freedom
can be leveraged to meet secondary objectives while main-
taining primary pointing constraints. Figure 2 illustrates key
constraints and optimization goals for a typical space laser
communication system. Primary constraints include actua-
tor range limits, environmental conditions, and link stability
requirements, while optimization goals may target energy
efficiency, actuator health, or future link preparation.

Optimization can further balance power consumption, mini-
mize actuator wear, and reserve dynamic range for future links.
In some cases, optimization priorities can shift dynamically.
For example, when power levels become critical, solar array
pointing may temporarily take precedence over link mainte-
nance [5].

To evaluate actuator performance trade-offs, the currently
state-of-the-art derived achievable range-bandwidth product
(RBP) Pareto front is shown in Figure 3, illustrating the trade-
off between range, bandwidth, and accuracy for representative
subsystems. Although these actuators share overlapping per-
formance regions, wide-range devices generally exhibit lower
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Fig. 2: Examples of control allocation constraints (red) and
optimization objectives (green) for a multi-link space laser
communication system [5].

accuracy and bandwidth, reinforcing the need for hybrid,
multi-actuator architectures.
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Fig. 3: Actuator Pareto front illustrating the trade-off between

range, bandwidth, and precision across actuator types [5].

In this context, a dedicated testbed becomes indispensable
to experimentally validate control allocation strategies [5], ver-
ify actuator coordination, and explore optimization trade-offs
in multi-link configurations. The subsequent section defines
representative subsystem analysis and outlines the structure of
the proposed hardware-in-the-loop test environment.

III. IMPLEMENTATION OF THE TESTBED
A. Multi-Terminal Attitude Manipulator Testbed Design

The proposed MTAM testbed has been developed to emulate
realistic space optical link conditions, enabling hardware-
in-the-loop validation of control algorithms and multi-link
coordination strategies. Figure 4 shows the proposed testbed
including the interfaces to connect all involved subsystems.

The central test infrastructure unit is built by a real-time
capable processing unit by the company Speedgoat. It allows
to run Simulink models while establishing a connection to
surrounding hardware through analog and digital interfaces.
It therefore simulates the dynamics of the satellite and a
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Fig. 4: MTAM testbed setup using test equipment (white)
to enable real-time simulation (orange), hardware-in-the-loop
(green) and processor-in-the-loop (blue) capabilities.

variable number n of virtual LCTs. The attitude of the virtual
spacecraft is coupled to the input of the tracking sensor read-
out electronics—that would be usually connected to a quadrant
photo diode (QPD)—and to the hexapod to manipulate the
readings of the employed gyroscope sensor accordingly. The
emulated tracking sensor inputs are forwarded to the MAC,
which will use this input together with the inputs of the virtual
LCTs to allocate the control commands. The CPA has its
own low-level servo control, which will return the measured
position encoder readings. The FPA is likewise locally closed-
loop controlled, but has an additional source of disturbance
which emulates micro-vibrations on board of the spacecraft
through a dedicated shaker setup (see Sec. III-C).

The setup integrates measurement and emulation equipment
designed to replicate dynamic characteristics of a satellite-
based FSOC system. This is not limited only to laboratory
tests but can also be used to demonstrate early prototypes
during ground-to-ground link operation [17]. In the following,
the different subparts of the proposed testbed are analyzed.

B. Sensor Supported Acquisition

The subsequent analysis will focus on the validation
of the sensor calibration and attitude propagation to feed-
forward the augmented knowledge to the LCT [10]. To
ensure accurate attitude propagation, the micro-electro-
mechanical system (MEMS) gyroscope sensors of the LCT
must first be calibrated both statically and dynamically
to ensure robust sensor readings, also during temperature
variations, as depicted in Figure 5, which shows the
estimated bias evolution. In the test setup, the terminal is
rotated on a precision turntable at multiple angular rates
around each axis. The test sequence includes rotations of
15degs !, —10degs™',5degs ™!, —2.5degs ™!, 1.25degs ™"
and —10degs™', each maintained for approximately 10s
to 20s. This variety of motion ensures that the calibration
process does not overfit the estimated parameters to a specific
dynamic condition as expected in orbit.

As spacecraft experience temperature fluctuations during
eclipse transitions, sensor biases can drift over time. To address
this, the developed online bias estimation algorithm [10]
continuously compensates for thermal effects. A validation
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Fig. 5: (a) Online bias estimation during temperature changes
and (b) comparison between online and static calibration
results of the gyroscope sensor [10].

experiment was performed by heating the gyroscope sensor to
approximately 50 °C using a hot air source. During the heating
and cooling phases, noticeable bias shifts occur (Fig. 5a),
yet the online-calibrated rates remain close to the reference
(Fig. 5b), confirming the robustness of the real-time tempera-
ture compensation approach.

C. Actuator Based Tracking

The tracking phase can also be covered by the MTAM,
which analysis focuses on actuator-level behavior in closed-
loop operation (see Fig. 6). The expected vibration level of the
satellite is injected by the vibration setup to emulate realistic
spacecraft environment during reaction wheel operation. The
experimental setup integrates a fine pointer with read-out
electronics and an electronic driver, operated under hardware-
in-the-loop control by the Simulink driven Speedgoat system.
Results show that the testbed can be used to predict in-orbit
performance of the employed actuator under vibrations. This

is not only helpful to tune the desired control algorithm, but
also to test other parts of the signal chain, like the electronic
driver or the read-out electronics. It can be further used to
optimize damping strategies based on the measured results.
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Fig. 6: (a) Vibration testing setup with real-time hardware-in-
the-loop control and measurement capability of (b) the FSM
inside the optical terminal.

Figure 7 summarizes the vibration testbed results. The input
spectrum, which is defined by the spacecraft, is introduced to
the optical terminal at the mounting interface. This spectrum
is used as the control command for the vibration shaker.
The LCT amplifies the spectrum, resulting in the measured
spectrum at the FSM mount (see Figure 6b). The test was
performed with the FSM running in closed-loop control with
a setpoint of 0 degrees, which corresponds to the initial central
position. The remaining error was recorded as time history data
over a period of 60 seconds. This data was then transformed
into the frequency domain to display any frequency correlation
with the provided input spectrum.

The evaluation shows that using a 30 confidence interval
results in an error of 109.2 urad, which exceeds the require-



ment of 12urad (for this specific use case) by an order of
magnitude. Therefore, passive countermeasures were installed
at the source of the disturbance to reduce the vibration load
above 250Hz. Consequently, the input was reduced, and the
modified measured curve was generated. The result obtained
is within the requirement, leaving a residual angular jitter
of 5.49 urad. Additionally, a simulation model was compared
with the same modified spectrum. The absolute deviation of
the RMS value is 0.93 prad meaning the model underestimates
the jitter attributed to neglecting imperfections in the hardware
system.
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Fig. 7: Summary of the vibration testbed data. In blue,

the power-spectral-density defining the controlled input and
measured output at the device-under-test. In red, the measured
and simulated angular excitation of the FSM in closed-loop
operation.

Table I lists the current capabilities of the testbed. This
means that, after completing the LCT model and tracking
sensor emulation, a fully operational multi-terminal testbed
for control allocation is available.

TABLE I: MTAM requirements evaluation

Requirement Status Reference
Gyroscope Calibration v Sec. I1I-B
Actuator Closed-Loop Control v Sec. III-C
Micro- Vibration v Sec. 1II-C
MAC (Processor-In-The-Loop) v [15]
Satellite Model v [18]
LCT Model ongoing -
Tracking Sensor Emulation ongoing -
Multi-Terminal Control Allocation | ongoing -

Note that parts of the presented results in this work rely on
previous work, as indicated. However, this paper demonstrated
how to achieve a versatile testbed for upcoming missions
based on those insights. The presented results therefore in-
dicate a working MTAM testbed basis that can be used for
inter-actuator testing, including external environmental distur-

bances, before full system integration and therefore paves the
way for future multi-terminal scenario performance analysis.

IV. CONCLUSION

The presented MTAM testbed provides a versatile hardware-
in-the-loop platform to evaluate coordinated control strategies
for future FSOC missions. It enables the validation of multi-
actuator and multi-link control allocation approaches under
realistic mechanical, optical, and dynamic conditions. The in-
tegration of precise sensor calibration, online bias estimation,
and closed-loop tracking demonstrates the testbed’s capability
to emulate complete LCT behavior with realistic dynamics
through hardware-in-the-loop actuation and feedback.

This experimental infrastructure bridges the gap between
simulation and in-orbit validation, offering a crucial step
toward scalable and reliable optical inter-satellite communica-
tion networks. Future work will extend the setup to simultane-
ously operate multiple optical terminals, enabling end-to-end
testing of dedicated control allocation algorithms integrating
the ADCS into the loop.
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