
Abstract. The development of the optical frequency comb tech-
nique has enabled a wide use of atomic optical clocks by allow-
ing frequency conversion from the optical to the radio frequency
range. Today, the fractional instability of such clocks has
reached the record eighteen-digit level, two orders of magni-
tude better than for cesium fountains representing the primary
frequency standard. This is paralleled by the development of
techniques for transferring accurate time and optical frequency
signals, including fiber links. With this technology, the frac-
tional instability of transferred frequency can be lowered to
below 10ÿ18 with an averaging time of 1000 s for a 1000 km
optical link. At a distance of 500 km, a time signal uncertainty
of 250 ps has been achieved. Optical links allow comparing
optical clocks and creating a synchronized time and frequency
standard network at a new level of precision. Prospects for
solving new problems arise, including the determination of the
gravitational potential, the measurement of the continental
Sagnac effect, and precise tests of fundamental theories.

Keywords: fiber links, optical frequency and time dissemination,
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1. Introduction

Currently, one of the most important tasks for science is the
formation of accurate time and frequency signals. Navigation
technologies, geodesic measurements, global communication
networks, or high-speed data transmission channels used
worldwide are based on high-precision time and frequency
signals. There are numerous applications where accurate
measurements of time and frequency are needed: global
space navigation, very-long-baseline interferometers, deter-
mination of fundamental constants, development of new
metrology standards for physical quantities, and verification
of fundamental physical theories.

The appearance of femtosecond frequency comb synthe-
sizers stimulated the development of optical domain metrol-
ogy (1014ÿ1015 Hz) [1]. Progress in laser cooling methods,
laser stabilization, and optical frequency measurement led to
the development of optical clocks with a fractional instability
reaching 10ÿ18 for a 1000 s averaging time [2, 3]. The stability
and reproducibility of the optical clock frequency overcame
the characteristics of the best microwave standards (cesium
fountains) by two orders of magnitude, which pushed optical
clocks to the leading positions.

Wide practical applications of high-precision optical
frequency standards are limited due to the difficulties in
transmission and comparison and propagation of frequency
and time signals without losses. Currently, the main method
that provides the highest accuracy of frequency comparison
in the radio frequency (RF) range is the two-way satellite time
and frequency transfer (TWSTFT) [4], which provides a
fractional instability of the transmission at the level of 10ÿ15

per one-day averaging time. This is sufficient for comparing
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most microwave clocks, but is unacceptable for optical
frequency standards. For example, one of the new applica-
tions of optical clocks is related to gravimetry [5], which uses a
gravity-induced frequency shift. To achieve a 1 cm accuracy
for a height measurement, two clocks must be compared with
a fractional inaccuracy of 10ÿ18, while the distance between
them can reach several thousand kilometers.

Currently, there are plans to create a Global Geodetic
Observing System (GGOS) [6], which would allow studying
and predicting phenomena such as earthquakes and tsunamis
on a global scale. Geodetic observatories, which are located
all around the world, also need accurate reference in time and
frequency. One essential condition for theGGOS operation is
the existence of a common reference height level, which would
not be affected by tidal, geological, or atmospheric processes.
This means that reference atomic clocks are needed that
would define the zero level of the gravitational potential.
For example, such clocks can be located in Earth's orbit. A
network of ground-based optical clocksÐeither mobile or
connected with optical fibersÐwould then link and synchro-
nize geodetic laboratories around the world with an uncer-
tainty of the order of 10ÿ18. To realize these projects, a
network of atomic clocks is currently being formed. This
network includes optical clocks and uses various synchroni-
zation channels as well as fiber links [7±9]. The European
project is called International Timescales with Optical Clocks
(ITOC) [10].

Several laboratories around the world are attempting to
solve the problems of high-precision time and frequency
dissemination by transferring optical signals via optical fiber
channels using an optical carrier. To increase the information
transmission accuracy, the phase of the optical carrier is used
instead of the RF modulation of the optical field. This
method requires completely new approaches: a significant
improvement in the radiation monochromaticity for tele-
communication band lasers [11±13], the use of femtosecond
optical frequency combs [1], and the use of specific feedback
systems that can compensate channel noise [14±18].

Fiber links have high costs, and it is therefore not always
possible to use dedicated connection lines. Internet fiber links
are widespread and are common communication channels for
optical frequencies, but it is difficult to directly transfer the
technology due to the presence of optical routers and
repeaters, which distort the carrier phase. One of the
solutions could be hybrid fiber links, which would combine
the standard Internet protocol and a dedicated channel in the
same telecommunication C-band, allowing frequency disse-
mination [19]. Currently, there are already fiber links that
connect laboratories in different cities or even different
countries, and these links are used to transfer ultrastable
frequency signals. Figure 1 shows the operational and
planned European fiber links.

Significant progress has been achieved not only in the field
of frequency dissemination but also in the field of time signal
transfer using similar approaches [20±24]. The obtained
results demonstrate significantly higher stability than in the
case of two-way comparison, which can improve the accuracy
of global navigation satellite systems (GNSSs). To realize
such technologies, it is very important to increase the distance
at which synchronization can be achieved (up to several
thousand kilometers).

We also note the experiments performed in 2016, in
which the time signals were disseminated via a free-space
link at a distance of several kilometers with stability of the

order of several femtoseconds [25]. There is also work in
progress on developing a free-space link for frequency
dissemination through satellites [7]. The method of time
and frequency free-space transmission is based on the same
mechanisms as in the case of signal dissemination via fiber
links.

Here, we review the time and frequency transfer methods
using fiber links, discuss examples of possible applications of
these methods, and describe some results we have obtained
previously. In Section 2, we describe the main methods for
precise frequency dissemination via optical fibers and discuss
their advantages and disadvantages. Section 3 is devoted to
the scheme of optical frequency dissemination via a dedicated
channel. In Section 4, we discuss the possibility of using public
Internet links for precise frequency dissemination and review
recent achievements in this field. In Section 5, we describe
methods for precise time transfer via fiber links. In Section 6,
we analyse the possibility of using the described frequency
dissemination methods in gravimetry and for Sagnac effect
measurements. We also present examples of applications in
spectroscopy and metrology.

2. Precise frequency dissemination
via fiber links

In transferring an ultrastable frequency, it is important for the
transmitting medium not to introduce phase and amplitude
noises in the signal. Current technologies allow fabricating
optical clocks with fractional instability on the level of
10ÿ16=

���
t
p

[2, 3, 26], where t is the averaging time. Simulta-
neously, impressive results are being obtained in the field of
telecommunications in studying optical fibers. Many coun-
tries around the world have a dense optical fiber network used
for Internet traffic. A solution that suggests itself is to use
these networks for coherent dissemination of an optical
carrier.

Optical fibers are the best medium for the transfer of
optical signals over long distances due to their flexibility,
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Figure 1. (Color online.) European fiber links used for the dissemination of

precise frequency signals using the carrier phase. Yellow color corre-

sponds to individual links, green to public Internet links, andwhite to links

whose construction is being discussed. INRIMÐIstituto Nazionale di
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(Teddington, Great Britain), PTBÐPhysikalisch-Technische Bundesan-

stalt (Braunschweig, Germany), UNIFI±LENSÐUniversita di Firenze±
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outstanding noise characteristics, and low absorption of the
optical signal (0.23 dB kmÿ1 for radiation with a 1550 nm
wavelength). This allows the transfer of signals without
additional amplification over the distances up to 100 km.
However, if the signal has to be disseminated over a distance
much longer than 100 km, it is necessary to use intermediate
amplifiers in order to compensate the absorption; straightfor-
ward enhancement of the input signal does not help because it
would lead to inverse Brillouin scattering [27±29].

Intermediate amplification of the signal is realized using
various methods. One of the most common is based on
erbium-doped fiber amplifiers (EDFAs), in which the signal
is amplified in the active region of the fiber, with the resultant
enhancement up to 25 dB in the broad spectral band 1530±
1580 nm. The amplification is limited by Rayleigh scattering
and saturation of the amplifier active medium [30], and
therefore a cascade of amplifiers spaced by no more than
100±120 km should be used for long distances between the
transmitter and the receiver.

The radiation undergoes much less perturbation in the
fiber than in free space [31]. However, the fiber introduces
some phase perturbations. The most significant ones are the
temperature fluctuations and acoustic vibrations, which lead
to a change in the optical path in the fiber and to refractive
index fluctuations. This results in phase shifts, which are often
called Doppler noise.

Temperature variations influence the length of the optical
path in the fiber with a refractive index n and a length L in
accordance with

d�nL�T
dt

�
�
L

dn

dT
� n

dL

dT

�
dT

dt
: �1�

For fused silica, the thermo-optic coefficient is
dn=dT � 1� 10ÿ5 Kÿ1 and the thermal expansion coeffi-
cient is dL=dT � 6� 10ÿ7 m Kÿ1 [32]. The signal at a
frequency n0 and with a wavelength l0 in the vacuum
experiences the frequency shift

dy�t� � 1

c

d�nL�T
dt

�2�

in relative units, where c is the speed of light in the vacuum.
For example, if the temperature of a standard single-mode
fiber �n � 1:468� with a length of 1000 km changes by 1 K in
1 day, the signal at a wavelength of 1542 nm acquires a
relative frequency shift of 4� 10ÿ13, which corresponds to
almost 80 Hz.

Acoustic waves acting on an optical fiber can induce
tensions due to changes in the pressure P, which also leads
to phase fluctuations in the transferred signal. As in the case
of temperature fluctuations, pressure variations lead to
fluctuations in the optical path length:

d�nL�P
dt

�
�
L

dn

dP
� n

dL

dP

�
dP

dt
: �3�

The coefficients dn=dP and dL=dP are known to be respec-
tively equal to 5� 10ÿ11 Paÿ1 and 10ÿ11 m Paÿ1 [34, 35]. For a
signal with a 1542 nm wavelength, a pressure variation of
0.01 Pa in a 1000 km long fiber would lead to a relative
frequency shift of up to 1:5� 10ÿ14 or 3 Hz. We note that for
both temperature and phase fluctuations, the frequency shift
can be compensated using active elements.

Besides Doppler noises that lead to the appearance of
phase white noise, the transferred signal can also contain
noises of other nature. The signal can include flicker noise of
the phase, which originates from the electronics in the
transmitter and receiver, white noise of the frequency due to
shot and thermal noises, random frequency walks, and flicker
noise of the frequency. Various types of noises are character-
ized by different dependences of the phase fluctuation power
spectral density on the frequency and are averaged with
different rates. The noise type can be deduced from the
exponent in the Allan deviation dependence on the averaging
time t [33]:

s�t� � ta : �4�

There are various methods for frequency dissemination
using optical signals. Continuous laser radiation can be
amplitude modulated, which allows signal transfer in the RF
range. By disseminating femtosecond pulses from a laser with
mode synchronization, simultaneous transfer of the RF and
optical frequency can be achieved [39]. Femtosecond pulses
can also be used for time signal dissemination [40]. Optical
frequencies can be transferred directly using phase informa-
tion from the continuous laser radiation carrier. We discuss
these methods separately in what follows.

2.1 Amplitude modulation of an optical wave
The most common method of RF signal transfer via fiber
links is based on the amplitude modulation of continuous
laser radiation with a strictly periodic signal at a given
frequency. A remote user needs only a fast photodiode for
optical signal demodulation and RF signal reconstruction
[36]. The scheme of this method is shown in Fig. 2. The
transfer stability for the amplitude modulation method is
much higher than that for methods involving satellite
systems, and the required characteristics can already be
achieved after averaging over several minutes (Fig. 3).

Achieving maximum stability requires stabilizing the fiber
so as to compensate various shifts, including RF signal
distortions caused by the group delay. For optical path
length stabilization, either fiber piezoceramic elements,
which change the fiber length, or thermally controlled fiber
spools are typically used. This method is sensitive both to
polarization mode dispersion (PMD) caused by the birefrin-
gence of the fiber and to chromatic dispersion, which leads to
additional phase noises. Polarization mixing is used to reduce
the PMD influence, and the chromatic dispersion effects can
be significantly suppressed by the spectral narrowing of the
transfer laser radiation and its frequency stabilization [36].

The most accurate RF signal dissemination using ampli-
tude-modulated lasers was demonstrated in Paris between the
Laboratoire de Physique des Lasers (LPL) and SYRTE via an
optical fiber at a distance of 86 km. A 1GHz signal was

RF

Transmitter

CW
laser

Compensation

AM PD RF

Receiver

Figure 2. Scheme of the RF signal dissemination using the amplitude

modulation of an optical wave. AMÐamplitude modulation unit, PDÐ

photodetector, RFÐradio-frequency signal.
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transferred with a fractional instability of 5� 10ÿ15 for a 1 s
averaging time and a fractional instability of the order of
10ÿ18 for a 1 day averaging time. The method involved fast
polarization mixing and advanced filtering [37]. In Russia,
research on reference RF signal dissemination using ampli-
tude modulation is performed at the Scientific Research
Institute for Physicotechnical and Radiotechnical Measure-
ments (VNIIFTRI) [38].

2.2 Simultaneous dissemination of RF and optical signals
In some cases, a remote user needs to simultaneously receive
both RF and optical signals. For these purposes, pulsed
femtosecond radiation with a stable repetition rate is used.
In this case, the pulse repetition rate is a source of a stable RF
signal, while the Fourier components of ultrashort pulses are
the optical signal. Figure 4 shows a simplified scheme of the
dissemination of such signals. The high stability of the signals
is achieved by linking one of the Fourier components of the
femtosecond laser to an atomic frequency standard, which
provides stability of all other components, including those
that correspond to the telecommunication band and are
transmitted via a fiber link.

Dissemination of femtosecond pulses for a distance of
50 km with a 100 MHz repetition rate and fractional
instability of the repetition rate equal to 4:6� 10ÿ15 tÿ1 was
demonstrated in [39]. The quality of the transferred signal in
this case is influenced by chromatic dispersion, which leads to

spectral broadening and overlapping of the pulses. This effect
can be suppressed by incorporating a compensating fiber into
the line, which typically allows obtaining a pulse shorter than
200 ps. Although this pulse duration is several orders of
magnitude longer than the initial laser pulse length, this does
not significantly influence the stability of the transferred
signals. But this method does not allow disseminating signals
over long distances due to the inevitable spreading of the
pulses and loss of information.

Another noise source in the case of pulsed radiation
transfer is the receiver electronics. For low powers of the
detected signal, a significant contribution to noise is made
by photodetectors. At the same time, an increase in the
signal power using intermediate amplifiers can lead to
other undesirable effects, such as conversion of amplitude
noise into phase noise by electronic devices, that is, the
amplitude modulation (AM) to phase modulation (PM)
conversion [41±43].

2.3 Optical frequency dissemination
The considered method uses the optical carrier phase as the
disseminated information. The chromatic and polarization
mode dispersions, as well as the AM±PM conversion, have
minimal effect in this case. However, even for well-isolated
fiber links located deep under the ground, temperature and
pressure fluctuations can result in a fractional frequency shift
of the order of 10ÿ14. Therefore, achieving better stability
requires detecting and compensating the phase fluctuations
that appear when the signal travels in an optical fiber. For
this, the line on the sender side has an active phase element,
such as an acousto-optical modulator (AOM), which corrects
the phase according to the acquired phase noises. A phase
autotuning loop on the sender side allows compensating
phase distortions in the frequency band of the feedback
loop, which is determined by the signal transmission time
for the forward and backward directions [44].

All three methods described provide means for frequency
signal dissemination via optical fibers. However, depending
on the type of task, one of the methods can be more
advantageous. For example, in the case of optical clock
comparison, the method of direct transfer of the optical
carrier has clear advantages because it does not need a
broad spectral band as in the case of pulsed radiation
transfer. This method is simpler than the AM method and
does not have the disadvantages of the latter.When the `dark'
line is accessible and optical and RF signals have to be
simultaneously disseminated at moderate distances, it is
more appropriate to use a femtosecond pulse train. It can
also be used to disseminate time signals [46].

Due to the development of optical clocks and the
construction of a fiber link network on a continental scale,
the problem of signal transfer over distances of several
thousand kilometers becomes a primary one. In what
follows, we describe in detail the method for frequency and
time dissemination using information about the optical
carrier phase, because this method appears to be the most
promising for solving the distance problem.

3. Dissemination scheme
for the optical carrier phase

As was mentioned in Section 2, the optical carrier phase
dissemination method involves registering and compensating
phase distortions that the signal acquires during the transfer
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through the fiber. Phase noise detection is usually performed
with a Michelson interferometer one of whose arms is
located on the sender side, as shown in Fig. 5. Radiation
from a transmitting laser is split into two parts. One stays on
the sender side and is directed to the short arm of the
interferometer as a reference signal. The other part is
directed into the long arm of the interferometer, which
contains the fiber link. An acousto-optical modulator is
placed on the sender side in front of the fiber and actuates
the radiation frequency in such a way that the signal phase
distortions are compensated. A Faraday mirror is placed at
the fiber output on the remote user side in order to reflect
part of the transferred light and rotate its polarization
through 90�. In this case, the polarization fluctuations that
occur in the fiber are significantly compensated, such that
the amplitude of the beat note generated by the reference and
feedback radiation remains constant [45]. A heterodyne RF
beat note that contains phase shifts is registered with a
photodetector on the sender side. This beat note contains
information about the phase noise jf�z; t� introduced by the
fiber link, and this information is used to calculate the error
signal and control the AOM frequency, which allows phase
distortion compensation.

In some cases, another AOM is placed in front of the
Faradaymirror (indicated asAOM1 inFig. 5) and operates at
a fixed frequency. It is used to uniquely distinguish the signal
reflected by the Faraday mirror from other reflections that
occur in long fiber links (for example, at the amplifier inputs
or in the fiber welding regions). In this case, we can write

f0 � 2
ÿ
fAOM�t� � D ffiber�t� � fAOM1

�
; �5�

where f0 is the registered beat note, fAOM is the AOM
compensation frequency, D ffiber is the frequency fluctuations
in the fiber, and fAOM1 is the AOM1 frequency.

A fundamental limitation on the possible suppression of
phase noises comes from the finiteness of the speed of light in
the fiber, because the noises can be detected only after the
light passes the fiber twice. This means that higher-frequency
phase noise is not suppressed. Moreover, the light is received
by the remote user before the corrections are made, and it is
therefore impossible to fully suppress the signal noise after a
single transmission through the fiber. Any difference in noise
for the forward and backward directions leads to an imperfect
compensation on the receiver side. These limitations start to
play a decisive role for signal transmission over distances
longer than 100 km.

We note that the effective noise suppression using the
heterodyne method can be performed only if the beat note
is not affected by the transmitting laser fluctuations. The
laser coherence length Lc is determined by its spectrum:
Lc � c=�pDn� � ctc, where Dn is the laser line spectral
width, c is the speed of light in the fiber, and tc is the
coherence time. If the laser coherence length is less than the
transmission line length, the reference signal and the
transmitted signal become uncorrelated. This means that
the beat note registered by the photodetector contains not
only the fiber noise but also fluctuations of the transmit-
ting laser, and the compensation is ineffective. Therefore,
the transmitting laser usually has a narrow spectral width
(less than 1 Hz), which corresponds to the coherence length
� 105 km. In this case, the information obtained with the
heterodyne method can be reliably used for the compensa-
tion of the phase noise introduced by the fiber.

Inverse Brillouin scattering in optical fibers limits the
power of the transferred signal: the maximal radiation power
at the fiber input is limited by a value of about 5 mW [30].
Therefore, it is necessary to use intermediate bidirectional
amplifiers that would not distort the phase of the signal. This
problem is typically solved by using a cascade of low-noise
erbium-doped amplifiers and especially developed Brillouin
amplifiers [30].

To stabilize the fiber link, the self-heterodyne method is
used. A beat note generated by the signal with a frequency n0
and its time-delayed copy are used for active suppression of
the noise introduced by the fiber. The Doppler noise
suppression schematic is shown in Fig. 5.

In propagating through a fiber link of length L, the signal
acquires the phase noise ffiber�z; t�, which is defined as [15]

ffiber�t� �
� L

0

df
�
z; tÿ

�
tÿ nz

c

��
dz ; �6�

where n is the medium refractive index and t � nL=c is the
signal propagation time through the fiber. To compensate the
Doppler noise, part of the light is reflected back into the same
fiber and therefore accumulates a double phase noise after the
round trip:

ffiberRT
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���
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In the Fourier representation, the time delay is converted into
phase shifts:
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We can now obtain spectral densities of the phase noise power
for the signal transmitted in one direction, Sfiber�o�, and for
the round-trip signal, SfiberRT

�o�:

Sfiber�o� �
� L

0


��df�z;o���2� dz ; �10�
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�
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�
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For low frequencies, sinc 0 � 1, and the phase noise acquired
after the round trip turns out to be four times larger than the
noise of the signal received by the remote user. The round-trip
signal is mixed with its copy without the time delay and with
negligible phase noise. A phase detector converts the phase
fluctuations into voltage, which is then used to form the error
signal in the feedback loop for the fiber noise compensation.

A general fiber-link scheme for the comparison of two
optical frequencies n1 and n2 includes the fiber link itself,
ultrastable continuous lasers for information transfer, and
two femtosecond optical frequency combs (FOFCs) (Fig. 6).
The introduction of FOFCs provides a means for the
comparison of not only different frequencies in the transpar-
ency window of an optical fiber link (OFL), but also
frequencies from different spectral bands (RF and optical).

Currently, the longest distance over which an ultrastable
frequency signal has been disseminated is 1840 km [18]. A
signal at a frequency of 194 THz was transferred via an
optical link between the Max-Planck-Institute for Quantum
Optics (MPQ) in Garching and the Physikalisch-Technische
Bundesanstalt (PTB) in Braunschweig, Germany. The fiber
link was built along an underground gas pipeline. In the
experiment, two `dark lines' were used; these are two backup
lines that are free from Internet traffic and can be used purely
for the investigated frequency signal dissemination. The
length of the link between MPQ and PTB is 920 km. In one
experiment, the scientists performed the direct transfer of an
ultrastable frequency signal (see Section 5.3), while in the
other series of experiments the ends of two fibers were
connected at the PTB side and the distance traveled by the
signal was doubled. Despite the long distance, the fiber link
was stabilized as a whole, which limited the maximal
frequency of the effectively suppressed noise due to the large

travel time of the signal. The maximal noise frequency
compensated by the feedback loop was 27 Hz. Nevertheless,
the achieved fractional instability of the frequency was
2� 10ÿ14 for a 1 s averaging time and less than 1� 10ÿ19 for
a 1000 s averaging time, which makes it possible to solve all
current problems regarding optical clock comparison.

4. Frequency dissemination
via Internet links

The method described in Section 3 uses a `dark' fiber line that
is dedicated to signal dissemination. The cost of rent of such
fiber links is very high. On the other hand, one Internet line is
separated intomany frequency channels, which have different
carrier frequencies, which allows more efficient information
transfer at lower costs. Due to the global use of Internet links,
it is reasonable to use them for the dissemination of stable
frequency and time signals. However, the realization of such
technology encounters several difficulties.

During transmission in an OFL, the signal decays. This
problem is solved in Internet links using the following
method, which is different from the analog scheme with a
cascaded EDFA (see Fig. 5). The signal is being demulti-
plexed, distributed over channels, decoded, and recorded
again on a higher-power carrier. Naturally, the carrier phase
is not preserved in this process, and the system introduces
delays. The carrier phase information is used in the dissemi-
nation of ultrastable frequency signals, and it therefore
becomes necessary to distinguish the signal among all other
signals transmitted through the link before it reaches the
repeater. After that, the signal has to be extracted from the
line, transmitted through a bidirectional amplifier, which
preserves the phase, and injected back into the line for
further transfer. The same procedure must be performed
with the signal traveling in the opposite direction (Fig. 7).

Average power losses in public Internet links reach
0.29 dB kmÿ1, which is almost one and a half times more
than those in a `dark' line. The losses are mainly increased by
the large number of fiber connectors with a flat surface
(physical contact (PC) standard), which partially reflect light
and form parasitic etalons. Consequently, bidirectional
erbium amplifiers cannot operate at high amplification
levels, because self-excitation can occur above a certain
threshold. This means that signal attenuation using erbium
amplifiers can be fully compensated only if the spacing of the
intermediate stations is less than 50 km. Using bidirectional
Brillouin amplifiers [30] is also impossible because their
operation is based on a strong optical pump, which can

Transmitting laser 1 Transmitting laser 2

n1 n2

Stabilized
OFL

Clock comparison

RPD

Figure 6. Scheme of the comparison of two atomic frequency standards

using a stabilized OFL (see Fig. 5) and FOFC. RPDÐrelative phase

detector for the laser radiation; n1 is the frequency of the first atomic clock

and n2 is the frequency of the second atomic clock.

Sender

Recipient

Intermediate
station

2

3

4

DWDM
lus

51

USL

Figure 7. (Color online.) Frequency dissemination scheme using Internet links. The distance between the intermediate stations is less than 50 km. 1Ð

transmitter, 2Ðoptical add drop multiplexor (OADM), 3Ðbidirectional erbium-doped fiber amplifier, 4Ðunidirectional optical amplifier, 5Ð

detector. USLÐultrastable laser, DWDMÐtraffic of data converted using the dense wavelength division multiplexing method; lus is the ultrastable
frequency signal.
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hardly be implemented in public telecommunication network
devices.

The described limitation can be overcome by using a
cascaded transmission line: one separated into a number of
segments that are connected through intermediate repeater
laser stations [19, 47]. These remote intermediate stations are
the most complicated element of the line because they should
operate autonomously. In reality, every intermediate station
is a separate laser system with a spectrally narrow radiation
line, with its phase being locked to the phase of the incoming
signal, which is transmitted from the preceding station using
the method of frequency auto-tuning through the phase. The
signal phase fluctuations are recorded in the phase of the
radiation of the repeater laser located at an intermediate
station N. Part of the repeater laser system radiation is
directed back to station Nÿ 1, where it is compared with the
incoming signal in order to compensate the phase noise that
the signal acquired during the propagation from station
Nÿ 1 to station N. The same operation is repeated at the
next intermediate station N� 1. This results in a consequen-
tial compensation of the transmitted signal phase noise.
Finally, the repeater laser can operate as a stable frequency
signal source if its radiation is directed into a router that sends
a signal to the user via an additional short stabilized line.

The remote station, including the microcontrollers, is
entirely controlled with a built-in computer, which is
accessible via the Internet protocol. This allows remote
optimization of the signal transfer process. Moreover, one
needs to remotely control the feedback loop error signals in
the phase noise compensation systems in order to optimize
the amplification and avoid the undesirable self-excitation of
the amplifiers. Finally, it is necessary to monitor possible
cycle slips in frequency autotuning systems.

Currently, ultrastable frequency dissemination via public
Internet links is realized using the following route: LPL
(Villetaneuse, a northern suburb of Paris)±Nancy (eastern
France)±LPL, over a distance of 1100 km. The line was
separated into four segments and two parallel optical fibers
were used, which were a part of a public Internet link. The
fact that the sender and the recipient were located in the
same laboratory allowed investigating the stability of the
signal dissemination through the cascaded line and compar-
ing it to the dissemination stability for the same signal using
a short laboratory line. Fractional instability of the optical
frequency signal dissemination using this line reached
4� 10ÿ16 for a 1 s averaging time and 5� 10ÿ20 for a
60,000 s averaging time [19].

5. Time dissemination

To maintain national time scales, perform very-long-baseline
radio-interferometry (VLBI), and support GNSS systems,
clocks separated by long distances have to be synchronized.
The problem that has to be solved in this case is related to
control over the time delay that the signal acquires after its
transfer to a remote user. Time signal dissemination methods
using satellites (GNSS, TWSTFT) allow transferring time
signals over distances of up to 10,000 km and are currently the
most popular ones. However, their precision is limited due to
the delay time fluctuations introduced by the troposphere and
the ionosphere, and this noise is difficult to compensate [48].

Methods for time dissemination via fiber links and the
corresponding operating devices are in most cases similar
to the ones used for time dissemination via satellite

channels [49]. The system for time transfer via optical fiber
(TTTOF) [20] is a version of the standard TWSTFT system in
which the signal is transmitted via an optical fiber link
between two ground-based stations. Time marker generation
and marker synchronization with the clocks are performed
using satellite time and ranging equipment (SATRE)modems
[50]. The same modems measure the delay time. Among the
additional advantages of fiber links is the broadband signal
transmission, which allows using the maximum possible
speed for binary modulation of the phase shift and thus
increasing the accuracy compared with the standard
TWSTFT systems. For time dissemination, fiber phase noise
compensation is not necessary because the main task is to be
able to measure and control the time delays of the signal that
are acquired not only during the transmission through the
fiber but also at every step on the sender and recipient sides.

Currently, the fiber-link time dissemination method is
competing in accuracy and stability of the transferred signals
with satellite methods, but the transmission distances of the
first method are much shorter, not more than 1000 km.

A combination of technologies allows performing simul-
taneous dissemination of precise time and frequency signals
via stabilized OFLs using information about the optical
carrier phase. This can be done using public Internet links
[21, 51]. A group of researchers in France demonstrated a
simultaneous dissemination of time and frequency signals
over a distance of 540 km. Fractional instability of the optical
frequency in this experiment reached 2� 10ÿ18 for a 30,000 s
averaging time. The absolute precision and long-term
stability of time signals were respectively equal to 250 ps and
50 ps [21].

6. Application examples for precise frequency
dissemination via fiber links

6.1 Gravitational potential measurement
and the Sagnac effect
According to the general relativity theory, clocks that are
located closer to massive objects run more slowly than those
situated far from them. This effect is called the gravitational
time dilation (GTD). Although the relativistic effects are
extremely small on scales of distances and velocities in our
everyday life, these effects should be taken into account when
working with modern atomic clocks. For example, relativistic
GTD corrections are introduced into on-board clocks of
satellite navigation systems. The realization of optical clocks
with stability on the eighteen-digit level allows observing the
GTD and directly measuring the gravitational potential
variations at different points on Earth [10]. Close to Earth's
surface, the size of the effect in relative units is 10ÿ16 per m.

In most modern experiments and applications, gravita-
tional corrections are calculated based on measurements of
the altitude difference, which are performed using classic
geodetic methods (leveling and range-finding). The appear-
ance of optical clocks has made it possible to `invert' the
problem and use precise frequency measurements to calculate
the altitude difference. The first experiments of this type were
performed by the Wineland [52] and Katori [53] groups.

Using fiber links to compare ultrastable optical clocks
allows developing a new method for mapping Earth's
gravitational potential. Having a network of base stations
equipped with optical clocks that can be compared via fiber
links and using a mobile frequency standard that can also be
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connected to the fiber network, we can measure point-to-
point gravitational potential variations (Fig. 8). Currently,
the stability of a mobile frequency standard based on
strontium atoms has already reached 8� 10ÿ17 [7], which is
enough to measure the altitude variation with a precision of
better than 1 m.

Another relativistic effect that can be observed using fiber
links is the Sagnac effect. In a rotating reference frame, the
times of electromagnetic radiation propagation along a
closed path are different for the forward and backward
directions. The difference between the two times is

DtO � 4XS

c 2
; �12�

where c is the speed of light in the vacuum, X is the angular
velocity of the reference frame rotation, and S is the vector of
the area encompassed by the closed path.

Fiber links connect laboratories that are separated by
more than 1000 km. Creating a closed circuit (see Fig. 1) will
allow creating a ring interferometer with an area of several
million square kilometers. By measuring the Sagnac-effect-
induced phase shift of the counter-propagating optical
radiation, it will be possible to precisely determine some
parameters of Earth's rotation.

6.2 Spectroscopy of the 1S±2S hydrogen atom transition
Over the last 20 years, the authors of this paper have taken
part in experiments on the spectroscopy of the 1Sÿ2S
transition in the hydrogen atom, which were performed by
the H�ansch group at Garching, in part with the aim to refine
the value of the Rydberg constant R1 [54]. In 1999, the
measurement precision for the 1Sÿ2S transition in hydrogen
exceeded the accuracy of any commercially available cesium
clocks; therefore, in the period from 1999 to 2011, the
measurements were performed using a cesium fountain
mobile (FOM) [55]. A series of experiments [56±58] took
place in 1999, 2003, and 2010. At the end of 2010, after a
successful demonstration of stable frequency dissemination
using an optical carrier via a fiber link between MPQ and
PTB, 1Sÿ2S hydrogen transition spectroscopy was per-
formed using a reference signal from the cesium fountain
FO1 located at PTB [59]. The difference between the
elevations above sea level of the MPQ and PTB labora-
tories, which is approximately 150 m, was taken into account
in the calculations. The differential red shift between remote
hydrogen atoms and the cesium frequency standard was
determined from GPS measurements using the Earth Grav-
itational Model 2008 (EGM2008), and its accuracy was
determined by tidal effects.

Results of absolutemeasurements of the 1Sÿ2S transition
frequency obtained in the papers cited above are presented in
Fig. 9. Fiber noise was efficiently compensated and did not
influence the stability and accuracy of the FO1 cesium
fountain signal, which exceeded the stability and accuracy of
the mobile standard FOM. This resulted in an improvement
in the absolute 1Sÿ2S transition frequency uncertainty.

Joint analysis of the results obtained in 2010 and 2013
allowed constraining a linear combination of the Lorentz
symmetry breaking parameters in the framework of the
extended Standard Model [60]:

c�TX� � �3:1� 1:9� � 10ÿ11 ; �13�
0:92c�TY� � 0:40c�TZ� � �2:6� 5:3� � 10ÿ11 : �14�

Investigating bounds for possible Lorentz invariance viola-
tions using optical clocks is one important issue in modern
physics [61, 62].

The experiments performed have shown the possibility of
realizing precise measurements between laboratories sepa-
rated by several thousand kilometers.

7. Conclusions

We have described the currently available methods for stable
frequency and time signal dissemination via fiber links.
Modern optical frequency standards, which demonstrate
record high accuracy and stability at the level of 10ÿ18,
imply new requirements for signal transfer stability and
open new possibilities for their application. Fiber links,
including public Internet lines, fully meet these requirements
and allow the transmission of ultrastable frequency signals at
distances of several thousand kilometers. Optical frequency
standards can now be used to solve applied and fundamental
problems: mapping Earth's gravitational potential, determin-
ing the parameters of Earth's rotation from Sagnac effect
measurements, and realizing experiments on the precise
spectroscopy of spectrally narrow transitions. Given the
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ubiquity of fiber links, we can expect that amethod for precise
frequency and time dissemination through OFLs will soon be
used together with satellite methods, complementing and
expanding their potential.
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