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A Sub-ps Stability Time Transfer Method
Based on Optical Modems

Florian Frank, Fabio Stefani, Philip Tuckey, and Paul-Eric Pottie

Abstract— Coherent optical fiber links recently demonstrate
their ability to compare the most advanced optical clocks over
a continental scale. The outstanding performances of the optical
clocks are stimulating the community to build much more stable
time scales, and to develop the means to compare them. Optical
fiber link is one solution that needs to be explored. Here, we are
investigating a new method to transfer time based on an optical
demodulation of a phase step imprint onto the optical carrier.
We show the implementation of a proof-of-principle experiment
over 86-km urban fiber, and report time interval transfer stability
of 1 pulse per second signal with sub-ps resolution from 10 s to
one day of measurement time. Prospects for future development
and implementation in active telecommunication networks, not
only regarding performance but also compatibility, conclude this
paper.

Index Terms— Demodulation, optical fiber communication,
time dissemination.

I. INTRODUCTION

RECENTLY, frequency comparisons of clocks by optical
fiber links become a reality. Long-range comparisons of

optical clocks and of atomic fountains have been recently
demonstrated [1]–[3]. New tests of special relativity as a
local Lorentz invariant were demonstrated using the ability of
comparing a frequency difference between the optical clocks
with unprecedented resolution [2], and it is likely expected that
these tests will improve with the progress of optical clocks
and the advent of clock’s network [4]–[7]. One suspended
question is how to achieve time transfer with sub-ps accuracy
at continental scale.

The rapid progress made on optical clocks let us foresee
the generation of much more stable time scales [8]–[11],
potentially keeping time at the ps level over one day. Along
with a future redefinition of the SI second, National Metrology
Institutes (NMIs) will need the means for an accurate time
scale comparison [12]. Also theoretical works predict that
a relativistic effect could be detected with accurate sub-ps
time transfer [13]. But state-of-the-art time comparisons as
implemented today on a daily basis, as well as the calibration
methods and definition of the origin of the epoch, severely lack
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resolution and accuracy. These questions stimulate the study,
and novel methods have been investigated for several years
either with fiber links [14]–[17] or in free space [18]–[20].
Advanced calibration methods were reported in [21]–[23].
The most impressive achievement was recently performed
using femtosecond lasers and free-space propagation, with
resolution below the femtosecond level, at a range of few
kilometers [24]. The extension of such methods to longer
ranges is still challenging.

Two-way methods implemented over the optical fiber
links are another class of experiment with high potentiality.
We focus here on the possibilities offered by fiber links
since several NMIs in Europe are already connected by such
fiber links, and offer prospects of reaching metropolitan,
regional, and continental scales. Those links rely on the optical
telecommunications network infrastructures, either over ded-
icated fibers (dark fiber) or over dedicated channels within
active networks with parallel data traffic such as research and
education networks.

Fiber link is a very promising candidate, as guided and
bidirectional propagation can ensure excellent rejection of the
propagation delay fluctuations and high signal-to-noise ratios.

For an optimal fiber noise rejection, those links are used
in a fully bidirectional manner, and make use of various
amplification and regenerating techniques to extend the range
of fiber links to thousands of kilometers [25]–[28]. These
techniques developed for the purpose of frequency transfer
do not fit for accurate time transfer, as not only the delay
fluctuation must be stabilized but also the one-way propagation
delay must be accurately evaluated. This is very challenging
for an optical fiber link since neither the physical length nor
the optical index is a well-known quantity.

Cascaded fiber links were demonstrated to be compatible
with high-resolution time transfer over a two-span 540-km
fiber link with the parallel data traffic [14], but the extension of
this technique over several spans is not straightforward, as they
need the development of dedicated and remotely controlled
instruments, with accurate time calibration abilities. Fiber
Brillouin amplification, from their principle of narrowband
amplification, limits the bandwidth of the modulation: an
original method based on chirped frequency transfer has been
demonstrated for synchronization and time transfer, but only
using slow frequency ramps [29]. By contrast, erbium-doped
fiber amplifiers have a wide amplification bandwidth and
were successfully used over long ranges for the simultaneous
time and RF frequency transfer [30]. It is interesting to
note that Raman amplification also offers wide bandwidth of
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amplification and should offer the same compatibility [28].
The most recent review of methods for time and frequency
transfer over fiber links is given in [31].

But at least, for fully bidirectional fiber links using coherent
carrier, the asymmetries of the paths forth and back over
hundreds of kilometers amount for less than 10 ps [14], [15].
To the best of our knowledge, the best accuracy budget was
reported in [16]. Noticeably, a very promising method is also
explored using optical frequency combs, for which an accuracy
budget of 100 ps is reported [17].

Whatever the telecommunication layout, the principle of any
accurate time transfer is to refer a time-modulated signal to a
time scale and evaluate the uncertainty budget, including the
contributions of instrumental delays, propagation delays, and
eventually physical effects such as Sagnac terms.

If the propagation noise and propagation asymmetries can
be very well suppressed, even at the price of using ultrastable
carrier, a limiting factor arises from the instrumental delays,
importantly at the modulation/demodulation stage. It was, for
instance, a limiting factor in our previous experiment, where
the SATRE modems were the dominant source of noise and
inaccuracy [14]. So, we were interested in finding the new
strategies where the optical methods can be used at their best,
while keeping a practical and “reasonable” cost approach.

This “reasonable” cost approach is also motivated by a wide
range of applications of so-called time transfer beyond the
NMIs [32]–[35].

Indeed, time interval transfer, without knowledge of the
static phase difference between two time scales, offers very
interesting possibilities as a universal frequency transfer, since
a time interval is not dependent of the carrier frequency. In a
general concept for which a pulse per second (PPS) signal is
delivered to the end user, the accuracy of the time intervals
is the relevant quantity for applications in industry and “syn-
chronization” of arrays of instruments. Sagnac experiments,
looking for differential delays between the two directions of
propagations, is also another class of experiments where the
accuracy in time, understood as a coordinate and not as an
interval, is not a must, and where only the accuracy of the
time interval(s) matter(s) [36]–[38].

Here, we introduce a novel phase demodulation technique,
using compact, low cost, and wideband optical modems. The
main achievement of this paper is to demonstrate a stable time
interval transfer with sub-ps stability over 86 km of an urban
fiber link, limited at short integration time by the time interval
counter (TIC) single-shot resolution.

II. EXPERIMENTAL SETUP

In this experiment, we investigate the phase modulation
of an optical carrier by a single π-pulse, which is to say
a phase step of π rad, and its optical demodulation. We,
therefore, design an experiment to study the performances
of the modulation/demodulation after guided propagation by
using a single laser and a common-mode time signal.

We use a common-mode laser source without active stabi-
lization in phase or frequency. The laser emits in the C-band
(1560 nm, ITU-channel 21), its linewidth is about 3 kHz. The
sketch of the experiment is represented in Fig. 1

Fig. 1. Experimental setup. EOM: Electrooptic modulator. AOM: Acous-
tooptic modulator. MZI: Mach–Zehnder interferometer. OC: Optical coupler.
PPS: 1 pulse per second. DWDM: Dense wavelength-division multiplexing
filter, centered at 1560 nm.

The laser’s light is modulated in phase by one fiber pigtailed
electrooptical modulator (EOM). Its bandwidth is 14 GHz. The
light is then equally split into two paths using the 50/50 optical
coupler (OC1). The fiber link starts and ends at the same place.
The two fibers are in the same cable. So, the whole link forms
a Sagnac loop with the zero enclosed area. The π-pulse is
generated from a one PPS signal out of a pulse distribution
unit (TimeTech). The PPS signal is amplified and compressed
using a pulse driver JDS Uniphase (JDSU), improving the rise
time from about 500 to 150 ps. The signal is then sent to the
EOM input. The pulse amplitude is chosen in such a way that
a π-phase step is imprinted at the EOM output. The pulse is
then encoded as a binary phase-shift keying (BPSK) to the
optical carrier using the EOM.

The phase-modulated signals entered the fiber from the two
ends in our laboratory, where two bidirectional 50/50 pigtailed
OC2 and OC3 are set. Part of the signals propagate through
86 km of urban optical fiber and include one bidirectional
erbium-doped fiber amplifier (EDFA), located approximately
halfway. The propagation into the fiber is rigorously bidirec-
tional. The signals at the other end of the fiber link are then
extracted by the couplers OC2 and OC3 and then demodulated
by two independent Mach–Zehnder interferometers (MZIs),
one for each direction. The MZI has unbalanced paths and acts
as delay line interferometers. The path difference corresponds
to a phase shift of π . A continuous wave will produce a
destructive interference at the end of the MZI. The PPS pulse
will produce by contrast two constructive interferences after
recombination by the MZI. A π-pulse will produce by contrast
a constructive interference of duration T = 1/FSR, where FSR
is the free spectral range of the MZI. This setup is, therefore, a
direct optical phase-to-amplitude demodulator. The MZIs used
in this experiment are off-the-shelf components manufactured
by Kylia [39]. Their FSR is 2.5 GHz, corresponding to a
demodulated pulse length of 400 ps. This is the first time,
to the best of our knowledge, that MZI is used for the
demodulation of a sharp time signal.

The signal is amplified before demodulation with unidi-
rectional EDFA with a gain of about 20 dB. Two dense
wavelength-division-multiplexing (DWDM) filters at 1560 nm
are used to reject the spontaneous emission of the EDFA.



FRANK et al.: SUB-ps STABILITY TIME TRANSFER METHOD BASED ON OPTICAL MODEMS 1003

The signals are detected by high-bandwidth photodiodes,
Discovery DSC-40S. The bandwidth of the photodetection
is 16 GHz. The electrical signals are then amplified with
high-speed amplifiers. The time interval between the two
signals, or with respect to a reference PPS signal, is measured
with an ultralow noise two-channel TIC Carmel instrument
BI-200 [40]. The time interval between the two signals is
interpreted as the differential propagation delays for the two
directions.

Only the independent sets of instruments (MZI, EDFA,
TIC channel asymmetry, and electrical cables) and differen-
tial optical path between OC1-OC2 and OC1-OC3 introduce
asymmetries.

Finally, to get rid of parasitic reflections arising from the
link, filtering and recovery of the pulse of interest are achieved
in the time domain using gated acousto-optic modulators
(AOMs), AOM1 and AOM2 (see Fig. 1). The gating period is
chosen to be long enough to be compared to the rise time of
the AOM and as short as possible to have the better optical
signal-to-noise ratio (the optical amplification has more gain
in pulsed mode). This gating technique can be used arbitrarily
for any fiber length. The MZIs are tuned with the help of
temperature or with the help of a piezoelectric transducer. The
FSR of the MZIs are not stabilized, but they are placed in a
cartoon box with thermal and acoustic isolation rockwood.
Other services, as coherent frequency transfer at 1542 nm,
RF transfer, and data traffic on channels of the C-band,
are carried simultaneously on the same fiber link using the
DWDM techniques. No perturbation was observed between
any of these signals.

III. EXPERIMENTAL RESULTS

A. One Way
We first checked the one-way time transfer, i.e., free run-

ning, without propagation delay compensation. The reference
signal is given by another output of the PPS distribution
unit (Timetech). The rise time of the reference PPS is about
500 ps. The detected pulse has a typical amplitude of 35 mV,
a midscale pulse width of 400 ps, and a rise time of 150 ps.

We observed a one-way delay of about 430 s, in good
agreement with the expectation for 86 km of fiber link and
in agreement with previous measurements. The time devia-
tion (TDEV) starts at 10 ps and falls as

√
(τ ) to 1 ps until

1000-s integration time, and then increases as the integration
time τ and reaches 100 ps at τ = 20 000 s. This behavior at
long integration time is similar to the one reported elsewhere
with similar fiber lengths [30].

We observed a free-running peak-to-peak phase excursion
of approximately 330 ps over a day–night cycle. This phase
excursion is mainly due to thermal effects occurring in the
optical fiber [41]. In accordance with the fiber length thermal
sensitivity of 37 ps/km/K and given the length of the link, one
found a temperature variation of the buried fiber of 1 K [42].
This order of magnitude is in agreement with the one-way
delay measurement reported in [14] for a 540-km link.

In our case, the short-term stability is limited by the time
jitter between the reference PPS and the PPS after the
JDSU amplifier. Indeed, we measured the noise floor of the

Fig. 2. Typical time trace of compensated two-way time transfer. An offset
of 91.2 ns was removed. The mean value of 91 ns corresponds essentially to
the length difference of Erbium-doped fibers used in the optical amplifiers
of the detecting branches. The smoothed curve was obtained with a
Savitzky–Golay filter.

PPS signals. The TDEV of two outputs of the Timetech
distributor is 1.8 ps at τ = 1 s. The TDEV of the same outputs
after amplification by two independent JDSU drivers is 1.8 ps
at τ = 1 s, but the TDEV of one PPS out of the TimeTech and
one PPS out of the JDSU shows 9-ps instability at τ = 1 s.
In all cases, the TDEV decreases as

√
τ .

B. Two Way

We are now considering the time interval between the PPS
out 1 and 2 in Fig. 1 This is a two-way signal, where the
propagation delay is compensated in postprocessing [43].

For assessing the two-way performances, we count the
time interval between the two output PPSs after an optical
propagation. The reference PPS is not used anymore, and our
two-way analysis is based on a common clock.

We obtained several acquisitions ranging from 1 h up
to 2 days. A typical time trace of a two-way time transfer over
1 day is shown in Fig. 2. The mean value of 91 ns corresponds
to the fiber length difference between the two EDFAs used at
the detection stage for optical amplification.

For the first 10 000 data points, the smoothed curve of
the measured phase difference exhibits a steady slope, which
corresponds to the warm-up duration of the electronics inside
of the TIC. Later on the counting process operates in steady
mode, and we obtain a stable time trace. Finally, beyond
80 000 points, the time trace dropped down. This is due to
the combined effect of unstabilized laser in frequency and
unstabilized FSR of the MZIs. When the laser frequency and
the MZI become out of tune, the signals fade out and the data
become meaningless. In the following paragraphs, we present,
therefore, a statistical analysis after excluding the warm-up
and fade out region of the raw data as presented in Fig. 2.

The corresponding TDEV is shown in Fig. 3. We observe
that the TDEV is 4.2 ps at τ = 1 s. It decays with a
rate of τ−1/2 until 100 s of integration time. This is the
signature of white phase noise. At τ = 200 s, we detect the
signature of a periodic oscillation. We found that the typical
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Fig. 3. Blue circles: TDEV obtained from the data plotted in Fig. 2.
The sub-ps stability threshold is crossed for 20 s of integration time.
Dashed line: level at 400 fs, which is crossed after 1000 s integration time.
Solid line: model starting at 4.2 ps and averaging with

√
(τ ), where τ is the

integration time. Black squares: noise floor of the TIC.

Fourier frequencies of the air conditioning system used in our
laboratory match the characteristic period of the oscillation,
according to theory [44].

The unbalanced optical paths among OC1, OC2, and OC3,
as well as the fiber length difference of the two EDFAs,
are sensitive to temperature fluctuations [41]. In our case,
the mean delay difference measured with our method is 91 ns,
which corresponds to a length imbalance of about 18 m.
With a typical temperature amplitude of 1.6 K at about
560 s, and using a thermal sensitivity coefficient of 37 fs/K/m
for the erbium-doped fiber, the corresponding propagation
delay fluctuations is expected to value 1 ps. Yet, the TDEV
remains sub-ps. Finally, after this first periodic perturbation is
overcome, the TDEV is as low as 400 fs between 1000 and
10 000 s of integration time. The integration time was too short
to determine whether we reach a plateau or if the TDEV
can reach smaller values. Furthermore, a second periodic
perturbation with a one-day period is expected to occur.

We also present our best case results, with a data set
of 50 000 points, resulting in the TDEV plotted in Fig. 4.
The TDEV is 2.5 ps at τ = 1 s, then again decays with
a rate of τ−1/2 until 10 s of integration time. We observe
periodic oscillation with a signature of a 1000-s period due
again to our air conditioning system, but the TDEV remains
well below the ps level. Finally, after the periodic oscil-
lation, the TDEV is at the level of 400 fs or below for
1000 < τ < 10 000 s. The minimum TDEV reaches 160 fs at
τ = 10 000 s but with significantly higher uncertainties. In this
experiment, the short-term stability depends on the level of the
signals and the optimization of the triggering levels of the TIC.

C. Two Way With a kPPS
In order to check this statement, we modified our setup by 

adding a fast comparator Analog Device ADCMP580. The 
input is a 1-kHz signal. The output signal is a kPPS signal, 
which substitutes the previous 1PPS signal before 
amplification. The output kPPS rise time is again about 150 ps. 
The TIC works then at a rate of 1 kHz. The optical modulation 
and demodulation stages are kept unchanged. The ability of 
changing the pulse rate that easily is an advantage of the

Fig. 4. Blue circles: TDEV of the best data set we acquired for two-way
time transfer. The sub-ps stability threshold is crossed for 7.5 s of integration
time. Dashed line: level at 400 fs, which is crossed after 1000 s integration
time. Solid line: model starting at 2.5 ps and averaging with

√
(τ ), where τ

is the integration time. Black squares: noise floor of the TIC.

two-way configuration and of the optical demodulation that
we introduced in this paper.

When working at a higher signal rate, we expect to shift
the limitation imposed by the single-shot resolution to lower
integration times (higher Fourier frequency), which can lead
in principal to a better TDEV for integration times from 1 s
and longer. The results are presented in Fig. 5

At 1 ms of integration time, the TDEV is 3.9 ps, consis-
tent with the single-shot noise resolution of the experiment.
We observe a noise excess of unknown origin with a maximum
at τ = 40 ms. Finally, the TDEV floor of about 400 fs is
reached already at τ = 1 s, showing the advantage of this
approach, and continues up to 200 s. To the best of our
knowledge, the TDEV reported in Figs. 4 and 5 is among the
best ones for a time transfer over a fiber link for an averaging
time from 1 ms to 10 000 s [16], [30].

IV. DISCUSSION

We have demonstrated here a time interval transfer with a
time stability at the level of 3 ps. The behavior of the TDEV
indicates that we are dominated by white phase noise until a
seemingly white frequency floor at about 200–400 fs.

Better minimum TDEV than 200 fs was shown. For a short-
term stability, the only comparable technique is [16]. Data
in [14] and [15] are interpolated to 200 ps at 1 s of integration
time. Thus compared to our previous experiment [14], we
improved the short-term stability by a factor of 50 and reduced
the cost of the demodulator by more than a factor of 20.
We did not obverse any phase jumps as it was the case with
our SATRE modems.

One can notice that such floor levels are met by several
experiments using completely different technologies, signals,
and processing methods [30], [45], [46].

The propagation delay fluctuations on the same free-running
link are typically tens of femtoseconds at 1 s. It is only
for longer integration time above hundreds of seconds at
which the thermal noise of the fiber starts to dominate over
the instrumental noise [47]. At this point, it is important to
note that the TDEV floor would be the same either using
unidirectional or bidirectional propagation, i.e., whether the
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Fig. 5. TDEV of two-way time transfer using 1-kHz PPS signal.
The sub-ps stability threshold is crossed for 300 ms of integration time.
Dashed line: level at 400 fs, which is reached at 1 s integration time. Blue solid
line: TDEV model starting at 3.9 ps and averaging with

√
(τ ), where τ is the

integration time. Red and green lines: models found in Figs. 3 and 4 plotted
for comparison. Gray line: noise floor of the TIC as measured previously
at 1 Hz, and translated in time to start at 1 ms.

round-trip is achieved on the same fiber or on two distinct
fibers in the same bundle [48].

This means that for a time interval dissemination over fiber
in a wide area network, largely “good enough” time services
can be achieved by unidirectional propagation. On the very
same fiber link of 86 km, we demonstrated recently in our
group that the delay wandering can be kept to the level of
2 ps after 16 days of integration time, using a unidirectional
propagation for rejecting the fiber noise [47]. So the main
advantage of bidirectional propagation is the accuracy budget,
as the one-way delay can be estimated accurately from the
round-trip delay.

We presented here also an original method to look for the
noise processes at work at higher Fourier frequencies and to
improve the TDEV at 1 s. Our main motivation is the noise
analysis at Fourier frequency higher than 1 Hz. The noise
floor of our experiment is reached at 1 s of integration time.
We believe that this method could be easily implemented in
other experiments and especially in experiments such as White
Rabbit, where the PPS rate is configurable from software.
A common TIC used in laboratories such as the SR 620 can
also be operated at 1 kHz for instance.

We show here the data for only a few tens of hours,
essentially limited by the stability of the tuning of the MZI
respective to the frequency of the laser. A longer data set could,
in principle, be acquired with simple stabilization schemes
and will be the objective for future work on this experiment.
By contrast with coherent frequency transfer, we do not
need an ultrastable laser to achieve these results. Indeed,
the coherence length must not match any more the length of
the link, but only the length mismatch of the MZI.

V. CONCLUSION

We have demonstrated a proof of concept experiment
with sub-ps stability of the time intervals over 86 km of
an urban fiber link, using optical phase modulation and
phase-to-amplitude demodulation. We analyzed the stability
of the time intervals. The obtained TDEV for the best case is
as low as 160 fs for a data set of 50 000 s. The typical TDEV

is below 400 fs for 1000 to 20 000 s of integration time.
The corresponding modified Allan deviation is 3 × 10−17.
Hence, this paper opens the way to a comparison of atomic
fountains, but also to a frequency transfer independent of
the carrier frequency relying on an accurate time interval
transfer. This paper has room for improvement, such as
reducing the periodic oscillations, improving the sensitivity to
temperature with reduced asymmetries, better pulse shaping,
and better instrumentation. We hope to obtain much longer
traces with an improved and consolidated experiment. The
main challenge is to build now an uncertainty budget and
make the calibration of the instruments.

Here, we also presented considerations for conducting unidi-
rectional experiments, since the shown short-term TDEV is not
limited by the fiber noise. A unidirectional scheme opens the
opportunity to ps time (interval) transfer over widely deployed
legacy WDM networks, at least on a regional scale.

Finally, given the sub-ps TDEVs obtained with a simple
optical BPSK phase modulation of a C-band carrier and
combined to an optical MZI demodulating scheme, this time
transfer concept appears to us to be scalable to metropolitan
networks in a cost-effective manner.
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joint time and frequency transfer with active stabilization of the propaga-
tion delay,” IEEE Trans. Instrum. Meas., vol. 61, no. 10, pp. 2844–2851,
Oct. 2012.

[31] O. Lopez et al., “Frequency and time transfer for metrology and beyond
using telecommunication network fibres,” Compt. Rendus Phys., vol. 16,
no. 5, pp. 531–539, 2015. [Online]. Available: ht.tps://hal.archives-
ouvertes.fr/hal-01176012

[32] C. Clivati et al., “A coherent fiber link for very long baseline inter-
ferometry,” IEEE Trans. Ultrason., Ferroelect., Freq. Control, vol. 62,
no. 11, pp. 1907–1912, Nov. 2015. [Online]. Available: ht.tp://ieeexplore.
ieee.org/document/7321699/

[33] K. Przemyslaw et al., “Remote atomic clock delivery to the VLBI station
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