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ABSTRACT

The Leap in Advancing Critical Quantum Key Distribution Space Components (LaiQa) project addresses key
technological challenges associated with future space-based quantum communication networks. As quantum
payloads mature and quantum communication architectures increasingly rely on existing terrestrial fiber infras-
tructures, the free-space-to-fiber interface becomes a critical element in the overall system performance. Efficient
transfer of received quantum states from atmospheric free-space channels into single-mode telecommunications
fibers is therefore a necessary step towards scalable satellite-to-ground quantum networks. Within LaiQa, TNO is
developing an ultra-low-loss free-space-to-fiber coupling platform designed to emulate a satellite-to-ground quan-
tum communication downlink over a 2 km terrestrial free-space link. The system integrates pointing control,
clock synchronization, adaptive optics correction, and free-space-to-single-mode-fiber coupling within a unified
receiver architecture operating entirely in the telecommunications C-band. The design objective is to maximize
fiber-coupling efficiency under realistic atmospheric conditions while maintaining interoperability with different
quantum source technologies and terrestrial optical network infrastructures. The estimated loss for the system
under development is -18 dB from fiber to fiber under low-turbulence conditions. The presented architecture
follows a systems-engineering approach in which wavefront correction, beam stabilization, synchronization, and
quantum signal transport are jointly optimized to reduce end-to-end link losses. Particular emphasis is placed
on the integration of adaptive optics within the receiver chain, the preservation of common pupil planes through-
out the optical architecture, and the implementation of calibration and alignment strategies that enable stable
operation in realistic deployment scenarios. At the time of writing, the free-space-to-fiber coupling system is
undergoing final assembly, integration, and alignment in the laboratory. The forthcoming field campaign in Delft
will validate the complete architecture over a 2 km free-space link using quantum sources developed by LaiQa
partners gssys and gtlabs. In addition, the developed coupling approach is being prepared for future deployment
in larger-aperture infrastructures, including validation activities involving the 2.3 m Aristarchos telescope at
Helmos Observatory. This paper presents the architectural development, design rationale, subsystem integra-
tion strategy, and verification methodology of the low-loss free-space-to-fiber coupling system. Initial laboratory
results and, where available at the time of final submission, field-demonstration results will also be presented.
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1. INTRODUCTION

The emergence of space-based quantum communication is gradually shifting the performance bottleneck of
quantum key distribution (QKD) systems from quantum state generation towards the optical interface between
free-space channels and terrestrial fiber networks.»? Satellite platforms can provide global coverage and overcome
the distance limitations imposed by direct fiber transmission, but the practical realization of a scalable quantum
network depends equally on the ability of ground infrastructures to deliver the received quantum states into low-
loss fiber systems where detection, processing, and networking equipment are located. As a consequence, free-
space-to-fiber coupling is evolving from a subsystem-level concern into a system-level architectural requirement.?

This transition becomes particularly relevant as quantum communication architectures move away from
isolated demonstrations and towards interconnected network deployments. In such architectures, the optical
ground segment is no longer expected to host all processing functions locally. Instead, quantum receivers,
synchronization systems, and future quantum networking equipment are expected to be distributed across existing
fiber infrastructures.*® This evolution creates a direct dependency between the performance of the free-space
optical interface and the achievable end-to-end network performance.

A major challenge arises from atmospheric turbulence. Although geometric losses are minimized through
accurate pointing and appropriately sized telescope apertures, atmospheric propagation introduces wavefront
distortions that degrade coupling into single-mode fibers.”® Since single-mode fibers effectively act as spa-
tial mode filters, phase distortions translate directly into coupling losses, reducing photon detection probability
and limiting the achievable secret-key rate. Previous studies have shown that adaptive optics correction can
significantly improve coupling efficiency under realistic atmospheric conditions by compensating higher-order
aberrations before fiber injection.” '! These observations motivate the development of integrated optical archi-
tectures in which pointing control, synchronization, adaptive optics and fiber-coupling functions operate as a
single coordinated system rather than as independent subsystems.

Within the Horizon Europe LaiQa project, TNO is developing an ultra-low-loss free-space-to-fiber coupling
platform intended to emulate the reception chain of future satellite-to-ground quantum communication systems.!?
The objective is not only to improve fiber-coupling efficiency, but also to establish a deployable architecture capa-
ble of interfacing quantum payloads operating in the telecommunication bands with terrestrial optical networks.
The work presented in this paper describes the architectural evolution, subsystem integration strategy, and on-
going implementation of this platform. Since the field campaign is planned to October 2026, the paper focuses
on the design rationale, system development, laboratory integration activities, and verification methodology that
precede operational testing.

2. MOTIVATION AND DEVELOPMENT OF THE LOW-LOSS
FREE-SPACE-TO-FIBER INTERFACE

The design of the ultra-low-loss coupling system was driven by a fundamental architectural observation: im-
provements in photon source performance alone no longer guarantee proportional improvements in end-to-end
quantum communication throughput. As source brightness and detector efficiency continue to increase, losses
introduced at the free-space-to-fiber interface constitute an increasingly dominant contribution to the overall
link budget.'31°

For quantum communication links operating in the C-band, the ability to transport received photons through
standard telecommunications infrastructure creates significant deployment advantages. However, this benefit can
only be realized if coupling efficiencies remain sufficiently high under realistic atmospheric conditions. Conse-
quently, free-space-to-fiber coupling must be treated as a dynamic process rather than a static optical alignment
problem.

Atmospheric turbulence introduces both beam wander and higher-order wavefront aberrations. These effects
occur on different temporal and spatial scales and therefore require different control mechanisms. A single
correction mechanism is generally unable to address both phenomena efficiently. This constraint directly leads to
an architecture in which coarse and fine pointing functions are separated from higher-order wavefront correction.
The resulting design combines a fast steering loop responsible for beam stabilization with an adaptive optics
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Figure 1. Sketch of the LaiQa Transmitter Breadboard (LTBB). L1 and L2 are plano-convex lenses with a focal length
of 50 mm, used to collimate the beams. The half-wave plate (HWP) adjusts the linear polarization of the transmitter
(Tx) beacon to maximize transmission through the polarization beam splitter (PBS). After the PBS, the quarter-wave
plate (QWP) converts the beacon into circular polarization. The filter (F) combines the quantum channel and the Tx
beacon. Both beams are reflected by the fine steering mirror (FSM) and mirror M3 before being transmitted through the
beam expander (BEX). The receiver (Rx) beacon passes back through the QWP, which converts it to linear polarization
orthogonal to that of the Tx beacon, causing it to be reflected by the PBS. The Rx beacon is then focused by a 100 mm
focal-length plano-convex lens onto the quadrant detector (QD), which provides feedback to the FSM for the pointing-
control loop. The Rx beacon is modulated with a 10 MHz square wave used for synchronization between the nodes.
The quantum-channel fiber can be connected either to the entangled photon-pair source developed by qtlabs or to the
prepare-and-measure source developed by gssys.
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loop dedicated to phase compensation. Such separation allows each subsystem to be optimized according to its
dominant disturbance frequencies while maintaining overall system stability.

The resulting requirements were derived from analytical turbulence models and previous adaptive-optics
field experiments. The design targets correction of the first higher-order Zernike modes beyond tip and tilt,
operation across the telecommunications S, C and L bands, and adaptive-optics control bandwidths sufficient to
compensate atmospheric dynamics observed in terrestrial links representative of satellite downlink conditions.
Particular emphasis was placed on ensuring that the adaptive optics control objective can be optimized directly
for fiber-coupling efficiency rather than solely for wavefront error minimization.

The receiver architecture evolved through successive design iterations informed by laboratory experimenta-
tion and system-level trade-off analyses. Early development efforts focused on investigating custom adaptive
optics solutions assembled from commercial off-the-shelf components.'®'® Building upon the knowledge and
infrastructure inherited from these previous projects, the current system adopts a free-space optical architecture
comprising a 100 mm aperture transmitting telescope and a 150 mm aperture receiving telescope, both with a
magnification factor of 10. The system achieves a pointing accuracy of approximately 10 urad. The transmit-
ted beam divergence is nominally set to 70 urad on the sky and can be adjusted via a calibrated mechanical
mechanism down to approximately 10 urad. The transmitter optical power is limited to a maximum of 100 mW,
ensuring eye-safe operation under all configurations. For synchronization, the classical communication channel
supports recovery from interruptions of up to 12 us, while the estimated distributed clock jitter remains below
600 ps.

These experimental activities provided valuable insight into the practical constraints associated with adap-
tive optics implementation, including deformable mirror incidence angles, pupil-plane registration, control-loop
bandwidth limitations, and alignment sensitivities. Although the studies successfully demonstrated the feasibil-
ity of a custom adaptive optics solution, they also revealed that comparable performance could be achieved using



commercially available adaptive optics platforms, thereby reducing integration risk, implementation complexity,
and development time.

This finding motivated a strategic shift from subsystem development toward system-level architectural inte-
gration. Rather than prioritizing novelty at the component level, the design effort focused on ensuring that all
optical functions required for quantum key distribution (QKD) could operate cohesively within a unified receiver
architecture. As a result, the receiver breadboard was conceived as a common platform integrating multiple
interacting subsystems, including pointing and tracking, wavefront correction, wavelength multiplexing, clock
recovery, polarization monitoring, and efficient single-mode fiber coupling.

3. ADAPTIVE OPTICS SYSTEM DESIGN AND INTEGRATION

Table 1. Comparison of the adaptive optics (AO) system requirements for the LaiQa project, the specifications of the
procured system, and the results of the Site Acceptance Test (SAT). In addition to the requirements listed in the table,
several project requirements are implicit and therefore not explicitly included. These include operation in the C-band,
compatibility with beam diameters of at least 10 mm, and minimal impact on the polarization state of the transmitted
signals. The evaluated AO system satisfies all of these requirements.

Property Requirements Procured A(.) . SAT
system Specifications | Result
Minimum number of modes correction | >8 modes >60 modes 67 modes
Rejection bandwidth >100 Hz >200 Hz 236 Hz
Control loop frequency >2000 Hz 5000 Hz 5038 Hz

The adaptive optics subsystem integrates a deformable mirror, a Shack-Hartmann wavefront sensor, and a
real-time control platform operating at kilohertz rates. The selection process was guided primarily by architec-
tural compatibility with the receiver breadboard rather than isolated component performance.

A critical lesson learned during preliminary investigations concerned the sensitivity of adaptive-optics perfor-
mance to mechanical and optical alignment. Small deviations in mirror incidence angles or pupil-plane positioning
were observed to generate significant reductions in correction effectiveness. As a result, the integration strategy
prioritized alignment robustness and repeatability from the earliest stages of development.

The final optical layout implements a sequence of relay stages that distribute the overall magnification
required between the deformable mirror and wavefront sensor. This approach reduces beam-size sensitivity, sim-
plifies alignment activities and preserves correction performance throughout the optical chain. The architecture
furthermore introduces a dedicated calibration channel that enables regular adaptive-optics recalibration without
disturbing the operational optical path. Such capability becomes increasingly important when considering fu-
ture deployable ground stations that must maintain performance over extended operational periods and changing
environmental conditions.

An equally important design choice concerns the optimization criterion itself. Rather than minimizing the
residual wavefront error measured by the sensor, the adaptive-optics control loop is designed to maximize coupling
into the receiving single-mode fiber. This distinction reflects the system objective of preserving quantum-channel
performance and aligns the adaptive-optics operation directly with end-to-end communication metrics. Based
on the simulations and field test experience, the estimated loss for the system under development is -18 dB
fiber-to-fiber.

4. RECEIVER BREADBOARD IMPLEMENTATION

The receiver breadboard serves as the physical implementation of the architectural principles described above.
The design combines wavefront correction, pointing stabilization, synchronization and wavelength management
within a unified optical platform operating entirely in the telecommunications bands.

The optical configuration separates classical and quantum channels through wavelength-selective filtering
while preserving common alignment references. This architecture allows classical beacon signals to support
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Figure 2. Simulation of the Secret Key Rate (SKR) for different configuration based on the turbulence and Adaptive
optics data from'! and considering the system developed in.*®

several operational functions simultaneously, including synchronization, pointing control and adaptive-optics
sensing, thereby reducing system complexity and enabling tighter integration between subsystems.

Particular attention was given to ensuring interoperability with quantum sources developed by different con-
sortium partners. By standardizing optical interfaces at the fiber level, the system can accommodate both
prepare-and-measure source, developed by gssys, and entanglement-based, developed by qtlabs without fun-
damental modifications to the free-space receiver chain. This capability is essential for technology validation

activities, where the objective is to evaluate optical transport performance independently of specific source
implementations.

5. INTEGRATION AND VERIFICATION STRATEGY

The development approach follows a progressive verification test in which subsystem validation precedes full sys-
tem deployment. Factory and site acceptance tests of the adaptive optics subsystem have already demonstrated
compliance with the principal performance requirements related to bandwidth, modal correction capability and
closed-loop operation, see table 1. Laboratory verification campaigns are now focused on completing optical
integration, calibration procedures and interoperability testing between transmitter and receiver breadboards.

The next phase consists of a field campaign over a 2 km free-space link in Delft. The campaign is intended to
validate the complete optical architecture under realistic atmospheric conditions and to quantify the interaction
between atmospheric turbulence, adaptive-optics correction and single-mode fiber coupling. Due to project
scheduling adjustments, this campaign is currently planned for October 2026. The measurements obtained
during that campaign will form the basis of future performance-oriented publications.

6. FUTURE FIELD DEMONSTRATION CAMPAIGNS

Beyond the Delft deployment, the developed coupling architecture has been designed to support its integration
into larger-aperture optical infrastructures. A future validation activity within the LaiQa roadmap foresees
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Figure 3. Illustration of the LaiQa Receiver Breadboard (LRBB). The red and green lines represent the incoming beams
from the transmitter: the beacon and quantum signal, respectively. The blue line indicates the beam path used for
adaptive optics (AO) loop calibration, while the yellow line denotes the receiver (Rx) beacon path. All components
labeled M# are broadband dielectric mirrors designed for the C-band. L1, L2, 1.7, and L8 are plano-convex lenses with a
focal length of 100 mm. L1 and L2 form the first optical relay between the fine steering mirror (FSM) and the deformable
mirror (DM). L3 and L4 are plano-convex lenses with focal lengths of 500 mm and 400 mm, respectively, and relay the
DM pupil to a plane located after the second beam splitter (BS2). The filter (F) separates the classical channel (1540-1545
nm) from the quantum channel. The polarization beam splitter (PBS) separates the Rx beacon path from the incoming
beam paths. The half wave plate (HWP) on the rx beacon path is adjusted for maximum transmission at the PBS. BS1
and BS2 are beam splitters with reflection-to-transmission (R:T) ratios of 70:30 and 90:10, respectively. L7 and L8 focus
the incoming beam onto the photodetector (PD) for clock recovery and onto the quadrant detector (QD) for the FSM
pointing-control loop. L9 and L10 are plano-convex lenses with focal lengths of 300 mm and 30 mm, respectively, used
to match the DM pupil to the wavefront sensor (WFS) pupil while reducing the beam diameter. L5, L6, and L11 are
plano-convex lenses with focal lengths of 50 mm, used for collimating light from the fiber or coupling light into it.

the deployment of the receiver concept on the 2.3 m Aristarchos telescope at Helmos Observatory. In that
configuration, the free-space-to-fiber interface will provide the technological bridge between large-aperture photon
collection and telecommunications-grade fiber transport.

From a systems perspective, this evolution represents a natural progression from terrestrial link validation
towards architectures that increasingly resemble operational satellite-ground quantum communication systems.
The Delft campaign therefore serves as an intermediate step whose primary value lies not only in demonstrating
performance, but also in reducing integration risk prior to deployment on large astronomical infrastructures.

7. CONCLUSIONS

This work presented the development and ongoing integration of a low-loss free-space-to-fiber coupling system
within the LaiQa project. The architecture was conceived to address one of the key challenges of satellite-based
quantum communications: the efficient transfer of atmospheric free-space optical signals into telecommunications-
grade single-mode fiber networks. Through successive design iterations, the system evolved into an integrated
platform combining pointing control, adaptive optics, synchronization, and wavelength management within a



common receiver architecture operating in the C-band. Moreover, the optical system allows the integration with
different types sources operating on the telecommunications wavelength providing TNO a testbed facility for
QKD in the Netherlands.

At the time of writing, the transmitter and receiver breadboards are undergoing final alignment in the
laboratory. The adaptive optics subsystem has successfully completed factory and site acceptance activities,
while ongoing integration efforts are focused on validating the interoperability of the complete system with
multiple quantum source architectures. The forthcoming Delft field campaign, scheduled for October 2026, will
provide the first end-to-end evaluation of the integrated free-space-to-fiber interface over a 2 km atmospheric
link.

Beyond the Delft demonstration, the same architectural approach is intended to support future integration
with larger-aperture optical infrastructures, including the Aristarchos telescope at Helmos Observatory. In this
sense, the work reported here represents an intermediate but necessary step toward deployable satellite-to-ground
quantum communication systems capable of interfacing directly with terrestrial optical fiber networks.
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