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on Optical Inter-Satellite Links (OISL), called Kepler, was 
proposed in (Günther 2018a). A system concept that accel-
erates the implementation is described in (Günther 2018b). 
A general overview of the utilized technologies is given 
in (Giorgi et al. 2019). OISLs enable synchronization, inter-
satellite ranging and communications. The synchronization 
reaches picosecond level by means of optical two-way time 
transfer (TWTT). The OISLs furthermore estimate the dis-
tances between satellites with sub-millimeter precision to 
support precise orbit determination. Lastly, a data channel 
disseminates the determined measurement results and esti-
mates, and thus enables a resilient constellation network. As 
a consequence, such a system operates with a high level of 
autonomy in space and does not rely on a complex ground 
system for orbit and clock offset determination or data dis-
tribution. Theoretically, it requires only two ground stations 
to connect to the earth’s reference and time frame. With 
time synchronization at the picosecond level and ranging 
accuracy at the millimeter level, the Signal-in-Space Range 
Error (SiSRE) is significantly reduced as shown in (Micha-
lak et al. 2021). This translates into both an improved posi-
tioning and synchronization of the end users, as well as into 
a faster convergence of precise point positioning.

Introduction

Our society is highly dependent on positioning and time 
synchronization through Global Navigation Satellite Sys-
tems (GNSS). The orbits and clock offsets of GNSS satel-
lites are tracked using a large number of ground stations. 
Civil and scientific applications require ever greater preci-
sion and accuracy down to sub-centimeter and picosecond-
levels. Radio Frequency  (RF) inter-satellite links, such as 
those implemented in Beidou, were mainly foreseen for 
data distribution but can also be used for satellite clock off-
set and distance estimation with an approximated accuracy 
of 10 cm (Zhou et al. 2018). A novel GNSS architecture based 
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Optical transmission provides a significantly greater 
bandwidth than RF links, enabling a much higher preci-
sion. In addition, OISLs are inherently immune to inter-
ference, making the system robust against spoofing and 
jamming  (Andrews and Phillips 2005). Free Space Opti-
cal  (FSO) TWTT was demonstrated by  (Giorgetta et  al. 
2013) over 2  km using optical frequency comb pulses. 
They reached a precision of < 1 · 10−15 at 1  s gate time. 
However, the use of optical clocks and frequency combs is 
associated with a high complexity. The comb pulses cover 
a broad spectrum that may not be compatible with currently 
available space terminals. Moreover, the Doppler shift 
between two Medium Earth Orbit (MEO) satellites in dif-
ferent orbital planes is challenging for such systems. The 
widely used White Rabbit protocol (Lipiński et al. 2011) is 
limited to static environments. Frame-based time synchro-
nization applied in the Optical Communications Terminal 
standard of the Space Development Agency is expected to 
achieve time transfer with nanosecond accuracy  (Wayne 
et al. 2024).

The system discussed in our paper modulates a spread-
ing code onto an optical carrier at a high rate. The modula-
tion format is Binary Phase Shift Keying (BPSK). The link 
budget required for pointing, acquisition and tracking is 
closed with 10 W transmit power and an aperture diameter 
of 80 mm over an inter-satellite distance of 50,000 km. The 
scenario is less demanding with respect to the modulation 
than for the European Data Relay System (EDRS) at a data 
rate of 1.8 Gbps (Hauschildt et al. 2019), since the effective 
data rate which determines the link budget is only 50 Mbps. 
EDRS has demonstrated successful data transmission over 
distances of up to 100,000 km (Heine et al. 2014).

The proposed technology leverages well-proven optical 
communications technologies with concepts from GNSS 

for time transfer and ranging. Most of the components are 
available in space-grade versions. This enables a fast devel-
opment and application to future GNSS. The paper demon-
strates the feasibility of precise time of arrival estimation 
using high-rate BPSK spreading sequences and optical cor-
relation in a static environment. The latter correlation is key 
for achieving an high accuracy with a modest link budget. 
An analysis of the reception scheme and the control loops 
for code tracking and for carrier tracking is performed. 
The laboratory demonstrator used for system verification 
is described. The results of the TWTT experiments are 
presented.

System

The bidirectional OISL system between Satellites A and B 
is shown in Fig. 1. Both satellites have the same functional 
capabilities. The transceivers are referenced to the satellite 
clocks at the respective RFs fA and fB . All clocks are ref-
erenced to GNSS system time t. The clock offsets of the 
Transceivers A and B are δtA and δtB  with respect to GNSS 
system time, respectively. The transceivers are capable of 
generating and detecting the fiber-coupled signals. They 
also handle the processing tasks necessary for time trans-
fer and ranging. The OISL terminals couple the incoming 
free-space optical signal into an optical fiber by means of an 
active tip/tilt correction to compensate for residual satellite 
attitude errors and micro-vibrations. The terminals direct 
the transmission beam towards the remote terminal. The 
forward link (red - B → A) and return link (yellow - A → B) 
are generally operated at different wavelengths and/or polar-
ization. The transceivers are wavelength agnostic, and thus 
do not pose any constraint on the beam separation strategy 

Fig. 1  Bidirectional transmission 
system (solid line - fiber-coupled, 
dotted - Free space and Opti-
cal Inter-Satellite Link (OISL), 
yellow - A → B, red - B → A) 
for time transfer, ranging and 
communications between two 
satellites with frequency refer-
ences fA and fB  from the satellite 
clocks (SAT CLK) (blue)
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in the optical terminals. The description of the OISL termi-
nals has been simplified to focus on the transceiver func-
tionalities. A detailed description of the terminals is found 
in (Poliak et al. 2018).

The transceiver of one satellite is illustrated in Fig.  2. 
The optical transmission path is yellow, while the reception 
path is marked in red. RF signal propagation paths are blue. 
The process of generating the spread-spectrum sequences 
is illustrated in green. The sequences on the transmitter and 
receiver side are synchronized to the internal clock.

The transmitted signal is generated by digitally mul-
tiplexing the data signal  bT X  with the Pseudo Random 
Noise  (PRN) spreading sequence  cTX. The resulting 
sequence is modulated onto the optical carrier using a 
Mach–Zehnder modulator. The modulator converts the 
electrical signal into a phase modulation of the optical car-
rier, leading to the transmitted optical signal ETX. The sig-
nal is received by the other satellite as ERX(t) (see Fig. 1).

The receiver system description is based on the forward 
link connecting Transmitter B to Receiver A. The received 
signal ERX is attenuated by the combined loss mainly due 
to propagation and fiber coupling. It is shifted by the propa-
gation time ∆t and has an offset δtB  with respect to GNSS 
system time. The received signal is thus given by

ERX(t, ∆t) =
√

PRXbRX(t)cRX(t)

· exp
{

j
[
2πfc(t − ∆t)

+ ϕc(t − ∆t)
]}

,

� (1)

where PRX is the received optical power, 
bRX(t) = b(t + δtB − ∆t) is the data signal, 
cRX(t) = c(t + δtB − ∆t) is the spreading sequence 
and fc is the optical carrier frequency. The carrier phase 
noise ϕc(t) associated with FSO links is discussed in (Surof 
et al. 2017). Note that in contrast to GNSS, fc is not related 
to fB  and δtB  and hence carrier and code phase have to be 
addressed separately. Coherent detection for communica-
tions purposes is usually performed by mixing the incoming 
beam with an unmodulated optical Local Oscillator  (LO). 
However, to enable optical correlation, the optical LO is 
modulated by the same PRN sequence that is used for trans-
mission. It is expressed with cLO(t) = c(t + δtA). The opti-
cal LO signal is described by:

ELO(t) =
√

PLOcLO(t) exp
{

j
[
2πfLOt + ϕLO(t)

]}
.� (2)

In this equation  PLO denotes the optical power of the 
LO, fLO its frequency, and ϕLO(t) its phase noise, including 
an arbitrary initial phase shift relative to ϕc(t). The optical 
mixing is performed in an optical 90◦ hybrid, as shown in 
Fig. 2. Four optical splitters and a 90◦ phase delay combine 
the signals to generate four output signals EI1, EI2, EQ1 
and  EQ2 with relative phases of 0◦, 180◦, 90◦, 270◦, 
respectively  (see e.g. Seimetz (2009)). The optical power 
of EI1 = 1

2 (−jERX − jELO)

PI1(t, ∆t) = 1
4

(−jERX − jELO)(jE∗
RX + jE∗

LO)� (3)

is detected by a photo diode. PI1 is expanded into

Fig. 2  The transceiver includes a coherent receiver with 90◦ hybrid 
and Balanced Photo Detectors (BPD) generating in-phase and quadra-
ture signals for signal processing using phase discrimination and loop 
filtering for Optical Phase Locked Loop  (OPLL) to steer the opti-
cal Local Oscillator  (LO) laser. For code tracking, a Frequency and 
Delay Locked Loop (FLL, DLL) with Numerical Controlled Oscilla-

tor (NCO) control the local reference code modulation cLO. The trans-
mitter multiplexes (XOR) the data signal with the spreading code and 
modulates it onto the transmitter  (TX) laser. The signal is optically 
amplified (opt. Amp.) and transmitted. The real-time processing unit 
derives its clock from an external reference with frequency f
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rI(k, ∆t) ≈A b(k)R(τ)
· cos

[
2π(foffkTs − fc∆t) + ϕn(kTs)

]

+ ni(k),
� (7)

with the autocorrelation function

R(τ) =
ˆ (k+ 1

2 )Ts+δtA

(k− 1
2 )Ts+δtA

c(t + τ)c(t)dt.� (8)

The clock offsets and the propagation time are combined 
to τ = δtB − δtA − ∆t. For a Maximum Length Shift Reg-
ister (MLSR) sequence, R(τ) has the form:

R(τ) =

{
1 − |τ |

Tc
, for |τ | ≤ Tc

− Tc

Ts
, elsewhere,

� (9)

with the chip length Tc. The samples of the quadrature sig-
nal are obtained in a similar way:

rQ(k, τ) ≈A b(k)R(τ)
· sin

[
2π(foffTsk − fc∆t) + ϕn(k)

]

+ nq(k).
� (10)

Equations  (7) and  (10) are composed of three major 
elements - the transmitted data  b(k), the code corre-
lation term  R(τ) and a carrier phase term with the argu-
ment  2π(foffTsk − fc∆t) + ϕn(k). The combination 
of δtB − δtA − ∆t is exposed by R(τ) and tracked in the 
Delay Locked Loop  (DLL). As the code phase and opti-
cal phase are independent, the optical carrier phase term 
is controlled in an Optical Phase Locked Loop  (OPLL). 
Additionally, there are shot-noise terms in the in-phase and 
quadrature component. The two noise terms ni and nq are 
independent and have the same variance. As long as R(τ) 
is not tracked, the carrier term cannot be evaluated. On the 
other hand, the receiver structure cannot receive a signal 
when foff is too large. An acquisition procedure is necessary 
to establish the interdependent code and carrier tracking.

The process to lock both loops is presented in Fig.  3. 
After physical link acquisition at t1, an unmodulated carrier 
is transmitted to determine foff. The Doppler shift resulting 
from fc∆t, if the satellites are in relative motion, is com-
pensated in open-loop with a priori orbit information. An 
accuracy of up to 100 m is sufficient and required anyway 
for physical link acquisition. At t2, carrier and optical LO 
are aligned such that the PRN transmission can be activated. 
The Frequency Locked Loop  (FLL) compensates for the 
code Doppler in open-loop mode. Simultaneously, the DLL 
initiates a search over the PRN sequence. When the peak is 
found at t3, the DLL starts tracking and the FLL in the code 

PI1(t, ∆t) =1
4

{
PRX + PLO

+ 2
√

PRXPLObRX(t)cRX(t)cLO(t)

· cos
[
2π(fofft − fc∆t) + ϕn(t)

]}
,

� (4)

with the optical carrier frequency offset foff = fc − fLO and 
a combined phase noise term ϕn(t) = ϕc(t + ∆t) − ϕLO(t). 
This representation emphasizes that the multiplication of the 
correlation between  cRX(t) and  cLO(t) is carried out in 
the optical domain. As a consequence, detection and sam-
pling are performed at a much lower sampling rate than the 
spreading sequence.

The remaining three optical signals PI2, PQ1, PQ2 are 
derived similarly. The signals are converted in the electrical 
domain by photo diodes. The in-phase and quadrature com-
ponents of the received signal are recovered, by subtracting 
the respective photocurrent pairs  iI1,  iI2 and  iQ1,  iQ2 in 
balanced photo detectors. In the following, the recovery of 
the in-phase is derived. The quadrature phase is obtained 
analogously. The in-phase signal is described by

I(t, ∆t) = iI1 − iI2

= AR

[
PI1(t, ∆t) − PI2(t, ∆t)

]

+ ns(t),
� (5)

where AR is the responsivity of the photo diodes and 
ns(t) is the shot-noise. The noise variance is given 
by σ2

s = qARPLO∆f  (Agrawal 2010) with the elementary 
charge of an electron q and the bandwidth of the receiver 
circuit  ∆f . Usually  PLO is much larger than  PRX and 
therefore the shot-noise term dominates the additive noise 
terms (Agrawal 2010). The signal is integrated and digitized 
at the sampling rate Ts. The data rate and Ts are related by 
the Nyquist criterion. The kth sample of the digitized signal 
is given by

rI(k, ∆t) = A

Ts

ˆ (k+ 1
2 )Ts

(k− 1
2 )Ts

bRX(t)cRX(t)cLO(t)

· cos
[
2π(fofft − fc∆t) + ϕn(t)

]
dt

+ ni(k),

� (6)

with  A = AR

√
PRXPLO. The variance of the noise  ni is 

described by  σ2
i = σ2

s

Ts
 for uncorrelated noise. When  foff 

is large,  rI will average to 0. Therefore, the frequency 
offset  foff has to remain inside the intradyne window for 
BPSK  (foff < | 1

4Ts
|)  (Seimetz 2009). In this case,  rI is 

approximated by
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incoming signals with the delayed optical LO signals. To 
overcome this, cLO(t) is shifted back and forth in time on 
the same hardware in consecutive intervals. The phasing of 
the correlation is estimated by evaluating the power-scaled 
discriminator

eDLL(m, τ) = Ce(m, τ) − Cl(m, τ)
Cp(m, τ) − Ce(m, τ) − Cl(m, τ)

,� (12)

where m = 4 · i denotes the sample index of eDLL(m, τ). 
The correlation values Ce, Cp and Cl, shifted to early, prompt 
and late, respectively, are obtained consecutively from

Ce(m, τ) = S(4i − 3, τ) � (13)

Cp(m, τ) = S(4i, τ) + S(4i − 2, τ) � (14)

Cl(m, τ) = S(4i − 1, τ). � (15)

The error  eDLL is filtered with a Proportional-Inte-
gral-Derivative  (PID) controller for robust track-
ing of clock jitter and residual Doppler error. The 
resulting control signals  uDLL and  uFLL are applied to 
steer  cLO(t) = c(t + δtA + uDLL + uFLLt) in Eq.  (2). 
When the correlation peak of R(τ) is successfully tracked, 
the steering signal follows

pA = uDLL = −τ = ∆t + δtA − δtB .� (16)

The steering signal pA thus represents a combination of the 
clock offsets and of the propagation time from one satellite 
to the other one, which is actually the pseudorange. Delays 
caused by the hardware and environmental changes were 
not addressed in the present analysis. The study concen-
trates on the verification of the precision of time transfer 
and ranging. Relativistic effects or biases are not consid-
ered in the laboratory verification, but are addressed further 
in (Trainotti et al. 2022).

After establishing the DLL lock, the residual phase 
between the carrier and the optical LO is controlled by the 
OPLL. The phase error  eOPLL of a Costas loop  (Costas 
1956) discriminator for small ϕn(k) is given by

eOPLL = rI(k) · rQ(k) ≈ 2ϕn(k).� (17)

The loop filter is again designed as a PID controller. The 
proportional and derivative parts are used to compensate 
for phase noise ϕn. Residual frequency drifts are controlled 
by the integral part. The outer frequency alignment moni-
tors uOPLL to keep the OPLL within its operating range.

When the OPLL and DLL are locked, the data signal b(k) 
is demodulated from Eq. (7). Data for time synchronization 

domain is locked. At  t4 the OPLL is locked and the data 
transfer is enabled.

The coherent code discriminator of Eqs.  (7) and  (10) 
is still modulated by the data bits b(k). Taking the power 
|r(k, τ)|2 removes the data b(k) and any residual carrier 
phase offset. The code tracking uses the resulting power 
measurement over one or several integration intervals:

S(i, τ) = 1
N

iN∑
k=(i−1)N+1

[
r2

I (k, τ) + r2
Q(k, τ)

]

≈ A2R2(τ) + n2
I (k) + n2

Q(k),

� (11)

where  N denotes the number of samples and i = N · k 
the sample index of S(i, τ). The noise variances are given 
by  σ2

I = σ2
Q = σ2

i

N . The resulting signal  S(τ)  is neither 
dependent on the data signal nor on the residual carrier off-
set. This is the basis for intradyne and homodyne detection. 
For the acquisition phase, the intradyne scheme is applied. 
The carrier phase term of Eqs. (7) and (10) is only coarsely 
controlled but still allows to evaluate Eq. (11). In homodyne 
reception the optical phase term argument is controlled to 0 
and thus maximizes the power into rI(k, ∆t). Applying 
both schemes allows for the effective implementation of the 
presented code and carrier phase lock acquisition algorithm 
from Fig. 3.

During the acquisition process, τ  is determined by scan-
ning cLO(t) in steps of a half a chip length until the correla-
tion is detected. Once found, the code phase is tracked. In 
RF systems it is common to correlate the sampled incom-
ing signal with spreading sequences in an Early-Prompt-
Late (EPL) scheme (Kaplan and Hegarty 2005). Presently, 
the incoming signal is correlated in the optical and ana-
log domain. Thus a corresponding split of the analog sig-
nal would result in a loss of power. In addition, the fiber 
lengths would have to be carefully matched to align the 

Fig. 3  Sequential acquisition procedure for carrier and code locking 
tracking
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the piezo-tuning reached its limits, thermal adjustments 
were performed. The optical LO power at the entrance of 
the coherent receiver was 9.5 dBm. Therefore, the receiver 
was shot-noise limited. The link budget for pointing, acqui-
sition and tracking was calculated for a MEO-MEO OISL 
over a distance of 50,000 km. The diameter of the optical 
terminals was set to 8 cm and a 10 W optical power ampli-
fier was assumed. Based on the link budget analysis, the 
required receiver sensitivity was estimated at −57 dBm and 
used as the reference power level for laboratory verification. 
A pre-amplifier at the receiver was not required.

Digital signal processing for transmission and recep-
tion was implemented in a Field-Programmable Gate 
Array (FPGA) operated at a clock rate of 400 MHz which 
enabled real-time operation. The FPGA’s clock was derived 
from a Dual Oven Controlled Oscillator  (DOCXO) to 
emulate the local satellite clock or from an Active Hydro-
gen Maser (AHM) for system characterization purposes. A 
spreading sequence generated at a rate of 12.8 Gcps, i.e. 
Tc = 78.13 ps, was Manchester encoded using Binary Offset 
Carrier (BOC) modulation (Betz 2001). The FPGA’s inter-
nal high-speed transceiver sampled the binary signal at 25.6 
Gsps, that was then used to modulate the optical carrier. The 
sequence had a period of 256. It was obtained by appending 
a 0 to a MLSR sequence. This eased the implementation, 
at the price of a slightly degraded correlation performance. 
The rate of the user data was set to 50 Mbps. Each bit of b(k) 

and ranging, e.g. time stamps and pseudorange measure-
ments from the remote terminal, are evaluated by the 
receiver. It was shown that the ranges can be used to esti-
mate accurate orbits (Michalak et al. 2020). Similarly, the 
exchange of clock offsets was used to generate a composite 
system time and to thereby synchronize the clocks (Train-
otti et al. 2022). This allows to form a resilient, robust and 
autonomous GNSS constellation by means of optical links.

Experimental evaluation

A laboratory demonstrator was built to verify the perfor-
mance of the proposed system shown in Fig. 1. It comprised 
two elements, each containing a transceiver and an FSO ter-
minal. The latter one is described in (Poliak et al. 2018). The 
units were placed at the two ends of a 30 m experimental 
range between laboratories A and B. The entire demonstrator 
consisted mostly of commercial off-the-shelf components. 
The exception was the electronic interface boards. The fol-
lowing section describes the implementation of the trans-
ceiver. Key parameters of the demonstrator are summarized 
in Table 1. The coarse alignment of the optical carrier fre-
quency was performed by thermal tuning of the optical LO. 
The laser linewidth was selected to ensure an OPLL lock 
with the available optical LO bandwidth. Carrier tracking 
was implemented by piezo-tuning of the optical LO. When 

Table 1  Parameters of the laboratory demonstrator focusing on optical and radio frequency aspects
Parameter Value Unit Note
Optical
Wavelengths 1540/1564 nm For forward/return link separation
Polarization Circular – Forward–right hand/Return–left hand
LO thermal tuning range 15 GHz Used for carrier alignment
Linewidth < 1 kHz Lorentzian
Optical LO bandwidth 100 kHz Piezo-modulated, used for OPLL
Piezo tuning range 60 MHz OPLL operation window
PLO 9.5 dBm Including modulator insertion loss
PRX −57 dBm MEO-MEO OISL sensitivity
Radio frequency
FPGA clock frequency 400 MHz
DOCXO 1 · 10−13 – Allan deviation at 1 s gate time
AHM 1 · 10−13 – Allan deviation at 1 s gate time
PRN rate 12.8 Gcps BOC(1,1), sampled at 25.6 Gsps
PRN length 256 chip MLSR sequence with added 0
Data rate 50 Mbps
Delay line interval 60 ps > Tc

2 = 39.1 ps

Delay modulation rate 400 MHz Integer shift and delay line
Shift resolution 0.1 ps
Ts    6.67 ns
N 150 – Integration time of 1 μs in Eq. (11)
Discriminator rate 250 kHz E-P-L-P scheme applied
EPL spacingdτ Tc

10
s ≈ 8 ps
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and analog shifting. The delay was updated every 2.5 ns. 
The shifted reference PRN sequence was then modulated 
onto the optical LO to generate ELO(t) in Fig. 2.

The optical signals ERX  and ELO were mixed in the 90◦ 
hybrid and detected by the low bandwidth photo diodes. The 
photo diodes reduced the bandwidth of the detected signals 
by an order of magnitude compared to the bandwidth of the 
spreading sequence. Subsequently, the bandwidth was fur-
ther limited to approximately the Nyquist rate of the data 
rate, and the signals were sampled at a sampling period of 
Ts = 6.67 ns. This way approximations of rI  and rQ cf. (7) 
and  (10), respectively, were realized. A sequence of four 
delay stages—early, prompt, late, and prompt—was applied 
with an equal duration of 1 µs for each value, c.f. N = 150 
in Eq.  (11). This resulted in an error discriminator update 
rate of 250 kHz. A chip spacing dτ = Tc

10  was used for EPL 
shifting that related to around  ±4  ps shifts from prompt. 
This resulted in a power difference of 4% between prompt 
and shifts to early and late phasing, respectively.

The optical terminal is shown in Fig. 4a. The beam enters 
through the telescope and is reflected by a fine steering mir-
ror (1). The transmitter and receiver signals are separated by 
wavelength and polarization at (2). The receiving beam is 
coupled into fiber at (3). The transmitting beam leaves the 
fiber at (4). The transceiver is shown in Fig. 4b. The coher-
ent receiver  (5) performs the optical correlation between 
the incoming signal and the local reference signal. The pro-
cessing unit consists of analog to digital converters (6), an 
FPGA (7) and the PRN signal generators  (8). The optical 
modulation of the LO laser is shown in (9). The transmitter 
modulation chain and the lasers are implemented beneath.

The system was verified in three steps. At first, the single 
direction B → A of the system was analyzed. This is repre-
sented in Fig. 5a via a 60 m optical fiber connection. The 
transmitter and receiver were referenced to the same AHM 
for common-mode operation.

This allowed for a characterization of the optical correla-
tion without tracking loops. The reference signal cLO(t) was 
shifted in steps of ∆τ = 0.5 ps over the correlation peak. 
The measurement points evaluating Eq.  (11) are shown 
in Fig. 6  (yellow dots). The correlation peak with its side 
lobes is clearly visible. The measurements averaged over 

was represented by a full period of a BOC(1,1) modulated 
spreading code.

The delayed replica cLO of the spreading sequence, used 
to correlate the received signal, was generated in a combina-
tion of analog and digital processing steps. Shifts of Tc

2  were 
implemented in the digital domain. To increase the resolu-
tion for fine tracking and EPL modulation, an analog delay 
line was used for sub-chip shifts. The delay line shifted the 
analog signal in time according to an external steering sig-
nal, generated by the FPGA. The analog shift must cover at 
least the range of [0, Tc

2 ] to allow the combination of digital 

Fig. 5  a Common-mode fiber-cou-
pled scenario for single link evalu-
ation with an Active Hydrogen 
Maser (AHM); b Common-mode 
scenario over 30 m Free Space 
Optical (FSO) link; c Transmission 
over 30 m FSO with Dual Oven 
Controlled Oscillators (DOCXO) 
as references

 

Fig. 4  a Optical terminal with fine steering mirror (1), beam separa-
tion (2), receiver (3) and transmitter fiber-coupling (5); b Transceiver 
with coherent receiver  (5), receiver processing stage  (6) with field 
programmable gate array (7), high speed sequence generation (8) and 
optical modulation stage (9)
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a standard deviation of 6◦ and an offset of 0.05◦. Only one 
single 180◦ phase slip of the OPLL was observed during the 
entire experiment, i.e. over a duration of more than 2 weeks. 
This demonstrates the excellent stability of the OPLL.

The modified Allan deviation Mod σy(τy) of the pseudo-
range pA is shown in blue in Fig. 7. The error bars represent 
the statistical uncertainties of the calculation. It shows a sta-
bility of 1.6 · 10−13 at 1 s averaging time. After 105 seconds 
the stability reached  3 · 10−16. This result was compared 
to the electrical stability of a single transceiver RF chain. 
The corresponding experiment was reported by (Wolf et al. 
2020). A 100 MHz RF signal generated by the transmitter 
was compared to the reference AHM in common-mode. 
The transceiver RF stability is shown in red in Fig. 7. The 
distortion at the 1000 s mark is due to the air-conditioning 
of the laboratory where the experiment was conducted. The 
optical transmission with a locked DLL has a comparable 
performance. Both DLL and OPLL demonstrated excellent 
phase stability and robustness over the 16 days period.

In the next step, the bidirectional system performance 
was evaluated over the 30 m FSO channel (Fig. 5b). Both 
FPGAs were still referenced to the same AHM for common-
mode measurements. The bidirectional link over 30 m was 
established. OPLL and DLL were locked on both sides. 
To evaluate the performance of the system, the clock off-
set  ∆TAB  and the propagation delay  ∆t between the 
transceivers were calculated. The clock offset ∆TAB  was 
estimated from the difference of the pseudoranges

∆TAB = 1
2

(pA − pB) = +δtA − δtB .� (18)

with pA from Eq.  (16) and pB = ∆t + δtB − δtA simul-
taneously measured at transceiver  B. The sum provides 
the propagation delay and thus the distance between the 
terminals:

∆t = 1
2

(pA + pB) .� (19)

The modified Allan deviation of  ∆TAB  is shown in 
Fig.  8  (blue). This is the performance of the TWTT. It 
achieved a stability of  < 1.1 · 10−13 at 1  s. The periodic 
switching of the air conditioning in Laboratory A induced 
a visible instability at around 100  s. The performance of 
the TWTT is comparable to the transceiver stability shown 
in Fig. 7. Neither the FSO terminals nor the tracking loops 
introduced a noticeable degradation.

Finally, individual DOCXOs were used as time refer-
ences to emulate the real system, see Fig. 5c. The FLLs were 
pre-set with a constant rate to mitigate the drift between the 
DOCXOs. The modified Allan deviation of the TWTT with 

a period of 1 µs are shown in blue. The noise floor stems 
from the non-coherent integration of the shot-noise terms cf. 
Eq. (11). The correlation peak was compared to a BOC(1,1) 
simulation that included shot-noise and low-pass filtered 
PRN signals with a cut-off of 19 GHz  (red dashed). The 
bandwidth limitation is caused by the electrical signal paths 
from the FPGA to the optical modulators (see 7–9 in Fig. 4). 
The measurement and the simulation matched except for a 
small difference in the left side lobe. The side lobe deviation 
was caused from unequal rise and fall times during signal 
generation. A signal to noise ratio of 7 dB between the pri-
mary peak and the noise floor was estimated.

To verify the tracking loops of the system, the DLL and 
OPLL were run for 16 days. During the entire time, DLL 
and OPLL remained locked. The residual carrier phase had 

Fig. 7  Modified overlapping Allan deviation for unidirectional 
time transfer (blue line) over 16 days and corresponding Radio Fre-
quency  (RF) reference to Field Programmable Gate Array  (FPGA) 
stability (red dotted) (Wolf et al. 2020)

 

Fig. 6  Static non-coherent correlation peak measurement in 0.5 ps steps 
with the individual measurements  (yellow dots), the averaged  (blue 
line) and a comparison with a Low-Pass (LP) filtered binary offset car-
rier BOC(1,1) (red dashed) at 7 dB. All curves are normalized to the 
maximum averaged power value
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dashed red in Fig. 9. It has a similar performance, since the 
clocks do not matter much in this setup. The stability is at 
< 1.6 · 10−13 at 1 s averaging time.

The TWTT and ranging precision at shorter time scales 
is evaluated using the standard deviation of the time series 
of ∆t and ∆TAB , respectively. For a time scale of 20 ms, 
which would allow for Doppler fitting, the standard devi-
ation of TWTT is σTWTT = 0.37 ps, and for ranging 
σrange = 121 µm. To further account for satellite vibrations, 
a read-out rate of 1 kHz is recommended. At a time scale 
of 1  ms the TWTT and ranging precision is extrapolated 
from the measured dataset to be around 2 ps and 600 µm, 
respectively. The target ranging precision enabled by optical 
links to achieve a significant reduction in SiSRE is at mm-
level (Michalak et al. 2021). The performance is achieved at 
all studied time scales.

Conclusion

The TWTT method presented in this paper is able to syn-
chronize two satellites with sub-picosecond precision by 
means of high-rate PRN sequences and optical correlation. 
The same setup also provides precise ranging. The system 
was verified with a laboratory demonstrator and showed a 
short-term system stability of < 1.1 · 10−13 for TWTT and 
ranging. A full system evaluation, including separate time 
references, achieved a time transfer precision better than 
< 0.4 ps and a ranging precision better than < 121 μmm at 
an averaging time of 20 ms in static conditions. The next 
phase will address the situation in the dynamic context. By 
extrapolation, we show that even for a time scale of 1 ms, 
picosecond-level time transfer and sub-millimeter ranging 
can be achieved. The results provide some margin for poten-
tial penalties, for example, resulting from micro-vibrations 
or residual Doppler offsets. At the same time, the complex-
ity of the system is sufficiently low for the implementation 
in future GNSS. The successful long-term evaluation over 
more than 2 weeks showed the robustness of the implemen-
tation. The high receiver sensitivity allows for inter-satellite 
ranges up to 50,000  km using state-of-the-art optical ter-
minals. A near-term implementation is possible due to the 
high technology readiness level. In-orbit validation shall be 
addressed soon.
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DOCXOs  (red dashed) is shown in Fig.  8. It achieves a 
short-term stability < 1.8 · 10−13. A direct RF comparison 
of the DOCXOs is plotted in dotted grey. The TWTT via the 
optical link and the direct lab comparison show a similar 
performance.

The ranging capabilities were verified by evaluation of 
the propagation time ∆t. Note that the measurements are 
biased by hardware delays. Since those can be assumed to 
be constant during the measurements, they do not affect 
the stability analysis. The modified Allan Deviation for the 
common-mode scenario  (see Fig.  5b) is shown in blue in 
Fig. 9. The curve shows a 1/τ  behavior. This was expected 
as the distance remained constant. As a consequence, the 
result was only affected by measurement noise. The sta-
bility of ∆t with two DOCXOs (see Fig. 5b) is shown in 

Fig. 9  Modified overlapping Allan deviation of the distance estima-
tion ∆t over 30 m in common-mode using a single active hydrogen 
maser (AHM) (blue line), ∆t over 30 m with dedicated dual oven con-
trolled oscillators (DOCXO) (red dashed)

 

Fig. 8  Modified overlapping Allan deviation of two-way optical 
time transfer ∆TAB  over 30  m in common-mode using a single 
active hydrogen maser  (AHM)  (blue line), two-way optical time 
transfer (red dashed) over 30 m with dedicated dual oven controlled 
oscillators (DOCXO) and a radio frequency (RF) comparison of the 
DOCXOs for reference (grey dotted)
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