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ABSTRACT
Ultra-precise optical time transfer in space enables global time distribution and enhanced global positioning systems. The
feasibility of stable optical time transfer between static terminals has been verified, however the system has to be validated in
space to prove its robustness and performance for an application on navigation satellites. Optical links with precise time and
frequency transfer from the low earth orbit to ground in frame of the COMPASSO mission shall be performed. We propose
a system design which copes with the constraints and performance requirements of the mission. The system is described and
preliminary results of the breadboard are shown.

I. INTRODUCTION
Very precise and accurate global positioning has become crucial for many applications such as autonomous driving or scientific
evaluations of the effects of the climate change. The German Aerospace Center (DLR) proposes the Kepler system (Günther,
2018) to increase the performance, robustness and resilience of the European global navigation satellite system (GNSS) Galileo.
In Kepler which is further described in (Giorgi et al., 2019), the optical inter-satellite links (OISL) perform precise time transfer
with picosecond stability to synchronize all satellites to form a constellation time base. Furthermore, the distance between the
satellites is measured with a mm-level accuracy enabling precise orbit determination. The system performs and maintains the
time synchronisation and the orbit estimation autonomously. This makes extensive satellite observation from multiple ground
stations obsolete and increases positioning accuracy of the end-user. The integrated data channel enables the information
exchange within the constellation, e.g. updates on the navigation message, commands or telemetry (TM) data. The frequency
transfer may facilitate future scientific applications.



A bi-directional optical laboratory demonstrator for time and frequency transfer has been developed over several years and the
evolution steps are now briefly summarized. The development of the optical free-space terminals with active tracking and fibre
coupling have been shown in (Poliak et al., 2018). First static optical correlation measurements have been conducted, proving
the feasibility of optical correlation with coherent communications. In the meantime the FPGA logic has been implemented
and the opto-electronics for frequency and time transfer have been assembled. In 2019 frequency transfer with a closed optical
phase locked loop (OPLL) reaching 2 · 10−15 at 1s gate time has been presented (Surof et al., 2019). After verification of the
stability transfer within the laboratory demonstrator (Wolf et al., 2020), two-way time transfer (TWTT) via 30 m free-space
optical (FSO) link using ultra stable oscillators (USO) as radio frequency (RF) references reaching 2 · 10−13 at 1s gate time has
been achieved. Simultaneous two-way frequency transfer (TWFT) has been established without experiencing any penalties. Fi-
nally, the demonstrator is brought to the 10.45 km FSO testbed between Weilheim and Hohenpeißenberg, Germany. The system
has been verified even under strong atmospheric conditions for a low earth orbit (LEO) to ground links. The measured scintil-
lation is comparable to LEO links shown in (Moll and Knapel, 2011) and still the required performance is met (Surof et al., 2022).

The DLR’s COMPASSO mission aims to validate among others the developed time and frequency transfer system in space.
The payload will be accommodated on the international space station (ISS) and optical links are performed towards the optical
ground station (OGS) at the Institute of Communications and Navigation in Oberpfaffenhofen, Germany. The COMPASSO
mission is planned to launch in 2026 and will operate optical links for over 1.5 years. In this paper we present the current design
of the time and frequency transfer and ranging subsystem of the COMPASSO mission. The subsystem design is introduced,
focusing on the developments of the LEO to ground scenario and the resulting constraints. Current results of the breadboard
model tests are presented and compared to the mission objectives. The system design and the results are discussed regarding
the feasibility and advantages of OISL for future GNSS.
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Figure 1: COMPASSO Mission with idodine references, frequency comb and the LCRT with embedded OSCAR (left), OSCAR bread-
board (right)

II. MISSION CONSTRAINTS
The COMPASSO mission of the DLR shall validate significant technologies of the Kepler concept in LEO. Figure 1 shows
on the left the system diagram with its main subsystems. The payload contains a frequency comb, two optical iodine clocks
and a laser communication and ranging terminal (LCRT) for ultra-precise ranging, time and frequency transfer, and will be
attached to the Bartolomeo platform of the ISS. As this paper presents the optical time and frequency transfer, the description
is limited to the components being involved to reach the objectives regarding the optical link. The iodine reference serves as
optical references and the frequency comb stabilizes the transmitter carrier laser onto the reference for the frequency transfer
towards ground. It counts the frequency of the received carrier phase of the uplink. The frequency comb and an oven controlled
oscillator (OCXO) provide a 10 MHz RF reference which is used for time transfer and ranging. The data handling system
forwards commands and parameters to the LCRT and receives housekeeping data and telemetry. The LCRT is based on a space
validated communications terminal (technology readiness level 9) supporting data rates up to 5.6 GB/s (Seel et al., 2011) and
a newly designed time transfer, ranging and communications assembly (OSCAR). The OSCAR performs all necessary actions
to enable time and frequency transfer. Considering primarily space qualified components constraints partially the OSCAR



hardware design, however it allows us to optimise the overall development effort towards achieving the mission objective. The
LCRT shall perform time transfer below 10 ps stability at 1 s gate time and ranging precision below 3 mm precision from the
LEO orbit to the OGS at the DLR premises at Oberpfaffenhofen, Germany. In parallel, precise frequency transfer between the
payload and the OGS shall be demonstrated. The last objective regarding the optical link is the validation of simultaneous data
transfer of a least 50 Mbit/s.

The system design for time and frequency transfer is based on the existing laboratory demonstrator (Surof et al., 2022). Still,
major changes are necessary due to the link scenario. Figure 2a shows the LEO to ground link. In order to maximise the
already limited link duration, the physical link the physical link acquisition shall be established latest at an elevation of θ = 30◦.
Due to safety constraints at the ISS the link can only be maintained until around 90◦ elevation which results in links of 90s
in average. To maximize the nominal time transfer mode the frequency and code acquisition need to be performed quick and
robust. During the orbit the Doppler drastically affects the 1064 nm carrier (left y axis) and the 9.6 GChip/s code (right y axis)
which is shown in Figure 2b. For an exemplary link the carrier frequency shifts from +6 GHz to -2 GHz with rates larger than
120 MHz/s. The code deviates from its nominal rate by up to 2 · 105 Chips/s. Further significant design changes stem from
external requirements, mainly the availability of space-qualified components such as the optical terminals, coherent receiver or
the field-programmable gate array (FPGA). Finally, the system constraints from the payload such as interfaces, size, weight and
power have to be considered. A slim and concise design is required for an application on GNSS satellites.
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Figure 2: a) COMPASSO link from θ = 30◦ elevation to near zenith, b) Doppler effect on carrier and code

III. SYSTEM DESIGN
The OSCAR is a complex mixed-signal electronics device. It consists of analogue processing, a deterministic real-time FPGA
and a system on chip (SoC). The flight model of OSCAR is based - expect of a single component - on space-graded electronic
components. A breadboard prototype based on comparable commercial components has been developed as well and is shown
in Figure 1 on the right, to allow for fast debugging and testing of hardware, firmware and software.

The analogue section of the system includes a dual-loop phase locked loop (PLL) which receives the 10 MHz input references
and synthesizes the required clocks for the electronics and the FPGA. Two high-speed delay lines provide a controllable time
shift with picoseconds resolution to the pseudo random noise (PRN) sequence. Further the analogue-digital and digital-analogue
interfaces require pre/post-processing in the analogue domain. The design is complemented with a complex power tree that
provides and sequences nine regulated power rails to supply all of the electronics. The FPGA is the core of the OSCAR. It
processes the data coming from the analogue-to-digital converters and communicates with other subsystems. All functions
which require time-deterministic processing are realised in FPGA logic, mainly time transfer, frequency transfer and the data
channel. In addition to the digital signal processing functionality the FPGA implements measures to ensure proper operation in
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Figure 3: Functional diagram of the transmission uplink with the transmitter at the ground station with stabilization and carrier pre-
compensation (left), the receiver with data processing (yellow), delay locked loop for time transfer (green) and the loop filter of the OPLL for
carrier locking (red)

space environment. Based on expected functional failure rate an updateable multi image scheme with fallback, error detection
and correction as well as triple modular redundancy for configuration related subsystems is applied. Two flash memories safely
store the FPGA bit stream and the processor source code.

The SoC inside the FPGA is responsible for the communication between the PCB and the two directly connected modules, the
LCRT and the data handling system. The SoC consists of an embedded processor with communications interfaces, as well
as internal interfaces for RAM, ROM, the shared registers with the configuration and user logic. The SoC takes care of the
housekeeping of OSCAR and manages all TM and commanding data that is sent and received. Therefore, a states machine is
implemented to fulfil the tasks of the different modes of the device.

The bi-directional system consists of two OSCAR transceivers which perform transmission and reception. Figure 3 shows
the uplink of the system only for the sake of clarity. The downlink is designed identical with one exception in the frequency
transfer. To achieve the objectives the OSCAR interacts on the optical link on three different levels simultaneously - carrier,
fast PRN modulation, slow data embedded. For the frequency transfer the carrier is stabilized onto an optical reference and
Doppler compensated. On the receiver side the OPLL phase-locks the local oscillator (LO) onto the incoming beam. A part of
the LO is counted in the frequency comb. The frequency transfer is calculated in post-processing by using the comb data and
the observables of the Doppler pre-compensation. The downlink carrier is not Doppler pre-compensated. Hence the OPLL on
ground experiences and follows the full Doppler. An outer loop with a priori Doppler data steers the LO to follow the Doppler
drift closely. After the OPLL the splitted beam is down-converted and counted for the frequency transfer.

The time transfer is realised with bi-directional TWTT transmission scheme of PRN spreading sequences at 9.6 GChip/s with
binary phase shift keying (BPSK) to enable precise time of arrival measurement. The spreading sequence is correlated in
the optical domain by interfering a local reference PRN modulated onto the local oscillator with the incoming signal inside a
coherent optical receiver. The reference sequence is generated by the combined block of numerical controlled oscillator (NCO)
and code generator and it may be shifted in full chips in the optical domain and in small fractures of a chip with analogue delay
lines. This enables a quasi continuous modulation of the sequence to add the Doppler drift to the reference sequence, to track
the correlation peak and to modulate a time division multiplexed early-prompt-late (EPL) used in Figure 4 and Section IV.
After scanning through the sequence and the localization of the correlation peak the digital discriminator is able to evaluate the
residual error. The loop filter generates the closed loop control signal and steers the code generator. Further the loop filter output
may be used to update the Doppler compensation model. The PRN sequence is digitally multiplexed with a slower underlying



data channel at 75 Mbit/s. The data channel resolves ambiguities in the time transfer by time stamping the PRN sequence. It
transmits the pseudo-range measurement from the counter terminal to enable TWTT. Status data and dummy data for channel
evaluation complete the data transmission.

IV. PRELIMINARY RESULTS
The breadboard shown in Figure 1 on the right has been verified on component level. The RF synchronisation line from
dual-loop PLL, through the FPGA and evaluated at the high rate PRN output interfaces show a stability better than 1 · 10−13 at
1 s. The reference path with delay lines generates a stable PRN sequence at 9.6 GChip/s and the delay lines are able to shift the
sequence by more than a full chip which is necessary to achieve quasi continuous shifting with sub-chip resolution.

A representative coherent receiver which will be used for the COMPASSO mission is characterized regarding time transfer and
ranging. It is optimized for homodyne BPSK reception. To verify the optical correlation inside the receiver, a self-homodyne
scheme is used in where the same laser is used as reception beam and as LO. The experimental setup is shown in Figure 4b. The
PRN sequence is modulated on both branches with a pattern generator and the sequences are aligned such that the correlation
peak is found. Then the RX signal is shifted stepwise from -20 ps to 20 ps, which is shown with the blue curve in the upper plot
of Figure 4a to emulate closed loop errors. Each step the reference sequence is shifted in an early-prompt-late scheme and the
correlation is measured individually.
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Figure 4: a) Static optic correlation center estimation with set offset of ± 20ps, b) Self-homodyne experimental setup, c) Probability density
function of the residual error of the center estimation

A power scaled early-late discriminator (Kaplan and Hegarty, 2005) is used to estimate the set offset and is plot in red in



Figure 4a. The curve follows closely the true offset. The residual error is shown in the lower plot of Figure 4a. Further
probability density function (PDF) of the error is shown in Figure 4c. The error is always smaller than 10 ps and the standard
deviation of 2.09 ps which translates to 627µm very well to the result of (Poliak et al., 2018) where a standard deviation of
1.17 ps (350µm) was achieved by using a chip rate of 20 GChip/s. The standard deviation of 2.09 ps verifies the feasibility of the
used coherent receiver. Still this test only resembles the capabilities of the system in a limited way as the lengthy measurement
procedure does not reflect the final performance of the dynamic loop.

V. CONCLUSION
Optical links for future GNSS may enhance the system performance in several matters. The accuracy of the end-user is
increased enabling technologies like autonomous driving. The constellation maintains itself autonomously without extensive
measurements from ground to estimate the clocks and orbits. The presented time transfer design for the COMPASSO mission
is a large step towards a realization of optical links for future GNSS. In the upcoming steps main functionalities like closing the
OPLL or testing the complete data transfer chain are executed to enable full breadboard tests.
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