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Bidirectional phase-stabilized optical fiber links allow state-of-the-art optical clocks to be compared on a continental
scale. However, intercontinental comparisons are still based on satellite techniques, preventing optical clocks from
being compared without degradation. We performed the first optical frequency transfer experiment over submarine
links, measuring levels of environmentally induced noise substantially lower than for on-land links. From these
measurements, we predict the transfer stability that can be achieved over transoceanic links. We also performed
the first optical frequency transfer over fibers installed in power cables, observing optical perturbations caused by
the high-voltage field. Finally, we show that the low background noise of fibers on the seafloor allows applications
in geophysical sensing. © 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. INTRODUCTION

Fiber-based frequency transfer techniques have enabled the com-
parison of state-of-the-art optical atomic clocks over thousands of
kilometers (km) without degradation. Satellite-based techniques,
traditionally used for long distance comparison of frequency stan-
dards, are no longer capable of supporting the required accuracy
of optical clocks, currently at the 10−18 level [1,2]. Optical fiber
links will thus play an instrumental role in the redefinition the
second based on optical transitions [3] and the development of
global timescales based on optical clocks.

Recently, the first fiber-based remote atomic clock compari-
sons were performed [4–8]. In Europe, a network of research
facilities connected on a global scale via optical fiber is under
development [6–10]. Fiber-based frequency dissemination tech-
niques have also been adopted in other science areas, such as
radioastronomy [11–13] and spectroscopy [14–17]. However,
one of the greatest outstanding challenges toward a global fre-
quency distribution network is bridging transoceanic distances
using frequency-transfer over submarine fiber cables.

Until this work, fiber-based optical frequency transfer experi-
ments were performed only on telecommunication links installed
on land. Fiber cables on land are typically installed in ducts for
utility distribution, such as gas and electricity, often running
across metropolitan areas and along highways. Optical fibers
are sensitive to temperature variations [18], vibrations, and

acoustic noise [19]. All these perturbations cause the phase of
the transmitted optical signal to change. Several approaches have
been adopted to suppress this environmentally-induced optical
phase noise, which prevents clocks from being compared.
In the most commonly used solution, the signal is transferred
to the remote end and partially reflected back in the same fiber.
The optical phase noise accumulated during a round trip of the
light is measured by comparing at the transmitter end the re-
turned optical signal with that injected in the fiber. The frequency
of the light injected in the fiber is then actively adjusted with an
actuator such that the resulting round-trip noise is suppressed. If
the noise is identical between the two directions of propagation,
compensating for the round-trip noise ensures that the noise at
the far end of the fiber is also suppressed [20]. In long fiber links,
bidirectional amplifiers are used to compensate for the loss intro-
duced by the fiber (0.2 dB/km). An alternative approach consists
of performing a two-way comparison, where two laser signals are
sent in opposite directions through the fiber. For perturbations
much slower than the speed of propagation of light in the fiber,
the induced phase changes measured at each end are identical. By
comparing these signals, the noise of the fiber is rejected, while
frequency changes of the lasers are still detected [21].

In both techniques, the highest compensation is achieved
when the noise is the same in the forward and backward propa-
gation. This condition is met in fully bidirectional links, where
the light is propagated in both directions through the same fiber.
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This is different from the standard telecommunication link
topology where separated fibers are used for each direction of
propagation and unidirectional optical amplifiers are installed
along the link. Optical links designed for metrological applica-
tions and installed on land require replacing unidirectional with
bidirectional amplifiers. However, this is not feasible for subma-
rine links resting on the ocean floor. Thus, a fully bidirectional
link cannot be implemented, and two separate fibers have to be
used instead. However, partial compensation of the fiber noise can
be achieved if sufficient correlation exists between the two direc-
tions of propagation [22].

Here, we show the first optical frequency transfer ex-
periment over two submarine telecommunication links in the
Mediterranean Sea, of lengths 96.4 km and 117.5 km.One of these
links is installed inside a high-voltage (HV) cable, and we observed
large optical phase changes induced by the strong electric field.
Time and frequency transfer experiments were previously per-
formed over submarine fibers using passive listening of the data
stream in synchronous telecom networks [23,24]. Our measure-
ments report on the first characterization of submarine fibers both
with high-resolution spectral and time-domain analysis.

The noise we measured over the submarine links enables us to
perform quantitative predictions on the level of transfer stability
that can be achieved over transcontinental distances when two
separate fibers are used for the two directions of propagation.
We calculate that intercontinental comparisons of atomic clocks
can be performed with the same or lower instability than satellite
techniques, but in a ∼100 times shorter measurement time.

2. OPTICAL PHASE NOISE IN SUBMARINE FIBER
CABLES

We characterized the environmentally induced phase noise of two
submarine cables following two different routes between Malta
and Sicily (Italy). The first link (L1) is 96.4 km long, running
under the seafloor for most of its length, with less than 2 km
on land. The second (L2) consists of two sections, a 98.5-km-long
link installed under the seafloor and a 19-km-long section on
land. The submarine section of L2 is installed inside a three-core
copper cable used for HV electricity distribution [25]. Both L1
and L2 use standard telecommunication fiber and are buried
under the seafloor at a depth of 1 m. In shallow waters, cables
are typically buried to reduce the risk of damage by boat anchors
and trawling by fishing vessels. In deeper waters, cables are in-
stalled on or below the seafloor, depending on the seafloor surface.
The measurement setup was placed in Malta, with the fibers
joined at the far end in Sicily, such that 192.8-km-long and
235-km-long loops were formed. A map of the two testbeds is
shown in Fig. 1.

We injected light from an ultra-stable laser into the fiber from
the Malta end and measured the noise of the submarine fiber by
phase comparing the light returned after a round trip with that of
the laser. The coherence length of the laser is substantially longer
than the length of the link such that the phase changes of the laser,
over the round-trip time, are negligible.

A detailed sketch of the full experimental apparatus is shown in
Fig. 2. We generated the ultra-stable light at the University of
Malta by locking a fiber laser at 1542.14 nm (laser 1) to a
high-finesse transportable Fabry–Perot cavity [26] using the
Pound–Drever–Hall technique. Further details are given in
Supplement 1. We implemented a noise-compensation loop to

deliver the ultra-stable light from the University of Malta to
the closest input to the submarine link (landing station). The
length of noise-compensated sections was 18 km for L1 and
8 km for L2. This ensures that the high phase stability of the
cavity-stabilized laser is preserved for the measurement of the sub-
marine link noise, which took place in the landing station. At the
landing station, we regenerated the ultra-stable light using a sec-
ond fiber laser (laser 2) phase-locked to the incoming light. Two
25 m patch cords connected the regeneration station with the
submarine fibers. After a round trip, the light was combined
to that injected in the fiber on a photodiode (PD). We performed
the phase noise measurements in the landing station rather than at
the University of Malta to exclude the noise contribution of the
fiber spans on land, which are located in densely populated met-
ropolitan areas. For both testbeds, the loss of each fiber of the pair
was 22 dB, leading to a total loss of 44 dB over the round trip. L2
included a bidirectional erbium-doped fiber amplifier (EDFA)
with ∼15 dB gain, placed at the far end in Sicily. We used
two acousto-optic frequency modulators (AOMs) to perform
heterodyne detection between the local and round-trip light.
The generated beat note was tracked by a clean-up oscillator,
and its phase was sampled with a dead-time-free frequency
counter. A low-noise, oven-controlled quartz oscillator served

Fig. 1. Map of the two testbeds: L1 (green) is a 96.4-km-long telecom
cable deployed almost entirely in sea. L2 (red) is a telecom cable housed
in a HV line. The length is 117.5 km, of which 19 km are on land. The
seafloor is extremely flat in the area, with a maximum depth of 200 m.
(Imagery © 2018 Landsat/Copernicus, Data SIO, NOAA, U.S. Navy,
NGA, GEBCO, IBCAO, Map data © 2018 Google.)

Fig. 2. Sketch of our experiment: ultrastable radiation was generated
by locking a fiber laser (laser 1) to a Fabry–Perot cavity (FPC), then sent
from University of Malta to the landing station in Malta via a Doppler-
stabilized link and here regenerated by a second fiber laser (laser 2). The
regenerated light was sent over the submarine link and compared to the
local one to detect the fiber-induced noise after a round trip. FM, Faraday
mirrors; PD, photodiodes; AOM, acousto-optic modulators (frequency
shifters); EDFA, erbium-doped fiber amplifier (used on L2 only).
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as a frequency reference for the AOMs feeding frequencies, for the
loop-filters and phase-locked loops local oscillators, and for the
phase noise measurement. We mounted all equipment in rack-
compatible enclosures to support operation in a non-laboratory
environment. We housed all fiber components (couplers and
Faraday mirrors) in a wooden box filled with foam to reduce their
sensitivity to temperature and acoustic noise at the landing
station.

The measured round-trip signal exhibited high polarization
stability. No polarization adjustments were required over days
of operation. In contrast, land-based links of similar length typ-
ically require polarization adjustments several times a day. L1 and
L2 were installed in 2009 and 2014, respectively. Mechanical
stresses in both the silica and polymer coating are likely to have
extinguished after several years in the relatively stable underwater
environment. We believe this also contributes to the observed
polarization stability.

Figure 3(a) shows a comparison of the phase noise power
spectral density (PSD) measured on L1 (red line) with previous
measurements we performed on other testbeds established on
land. The green line shows the phase noise measured over a
2 × 150 km fiber placed between Turin and Modane, in the
French Alps [27], and the black line shows the phase noise of
a 2 × 92 km fiber, which is part of the Italian Link for
Frequency and Time and is deployed in North Italy, between
Turin and nearby towns [28]. A considerably lower phase noise

is observed at all Fourier frequencies. We measured the residual
noise of the measurement setup by replacing the submarine cable
with fixed attenuator of equivalent loss and leaving the 2 × 25 m
patch cords in place. The measured phase noise in this case is
shown by the gray line in Fig. 3(a) and overlaps with that includ-
ing the submarine cable, establishing an upper bound of the noise
introduced by the submarine link. We point out that the patch
cords in the server room were suspended above air-conditioned
racks hosting equipment with embedded cooling fans and thus
exposed to air turbulence and acoustic noise. We expect the noise
per unit length of buried fiber to be considerably lower than that
of these patch cords. A lower noise floor was observed while per-
forming the measurements on L2 because a much quieter envi-
ronment was available in this case. More details will be given in
Section 3. The peak at around 0.15 Hz observed on the subma-
rine fiber noise is attributed to microseismic noise generated by
wind–sea interaction. This aspect will be discussed in Section 5.

Figure 3(b) shows the noise per-unit-length at 1 Hz and at
10 Hz Fourier frequency for the submarine fiber and some
long-haul links established on land. The submarine fiber shows
lower noise levels than links on land, the reduction being more
than 2 orders of magnitude in the acoustic region at 10 Hz. We
expected lower noise from the submarine links. In the acoustic
frequency range, the noise of fiber links installed on land is do-
minated by man-made activities such as road traffic [29]. Large
differences are observed among on-land fiber links: the NIST-
Boulder-NIST link runs around the town of Boulder (US)
[20]; the INRIM-LENS-INRIM link in Italy runs along one
of the major highways [9]; the LPL-Reims-LPL link runs between
Paris and the town of Reims (France) [30]; the MPQ-PTB-MPQ
link in Germany [31] runs next to a gas pipeline. The much
higher noise observed on the NICT-UniTokyo-NICT link in
Japan is attributed to aerial fibers being used for half of its length
[32]. Although measurements on aerial fibers are reported in the
literature, no spectral analysis is available [33–35]. Still, all aerial
links show worse noise with respect to ground links. This is attrib-
uted to a higher exposure to environmental factors such as wind,
as fibers are dangling between poles.

Figure 4 shows the frequency stability (overlapping Allan
deviation) of L1 over a 24-h-long measurement (black, squares)
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Fig. 3. (a) Round-trip phase noise of various fiber testbeds. Red line:
submarine 2 × 96.4 km link; green line: 2 × 150 km fiber along highway;
black line: 2 × 92 km fiber along highway (other area). The gray line
indicates the noise floor, measured by excluding the submarine cable
while leaving the 2 × 25 m patch cords in place. L and S indicate land
and submarine links, respectively. (b) A comparison of the phase noise
per-unit-length of some long-haul links at 1 Hz and 10 Hz. NIST-
Boulder-NIST: US, 76 km [20]; INRIM-LENS-INRIM: Italy,
1284 km [9]; MPQ-PTB-MPQ: Germany, 1840 km [31]; LPL-
Reims-LPL: France, 540 km [30]; NICT-UniTokyo-NICT: Japan,
partly aerial fibers, 114 km [32].
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and the contribution of the short 2 × 25 m patch cords link (red,
circles). The data from which it is calculated are sampled at a
1 kHz rate and subsequently averaged by a factor of 1000,
and therefore the equivalent measurement bandwidth is
0.5 Hz [36]. The instability excess at short averaging times is
attributed to the microseismic peak at 0.15 Hz. Its magnitude
changes over time, depending on the environmental conditions.
The shown instability corresponds to a case where it was particu-
larly evident. The contribution of the short 2 × 25 m patch cords
limits the observed instability up to about 100 s, while for longer
measurement times it becomes negligible. In fact, as the server-
room temperature is expected to be stable in the long term, the
long-term frequency instability is dominated by the round trip in
the 192.8 km submarine fiber. After few hours of measurement, it
achieves the level of 2 × 10−15. This extremely low instability is
already adequate for many metrological applications based on un-
compensated fibers and could be further reduced by enabling
noise compensation. This aspect is discussed further in Section 4.

3. PHASE NOISE IN A HIGH-VOLTAGE
SUBMARINE CABLE

Similar to land-based links, submarine optical fibers are some-
times placed along oil and gas pipelines or electrical cables up
to distances of ∼1000 km. In L2, our fiber was placed inside
the interstitial spaces of an HV cable, designed for 245 kV–
50 Hz and rated for 655 A. We measured the effect of the electro-
magnetic fields generated by the strong alternating current on the
coherent optical transfer.

A sketch and a picture of the submarine cable cross section are
shown in Fig. 5. The three copper cores of the cable are insulated
by cross-linked polyethylene (XLPE). A lead alloy sheaths each
core and a single-layer steel-wire armor protects the overall struc-
ture [25]. Two fiber cables are placed in off-center positions.

In principle, both the phase and the polarization state of the
optical field can be affected by the electromagnetic field through
the Kerr effect, the Faraday effect, and electrostriction [37,38].
Interaction between electromagnetic and optical signals has been
already observed in transmission over suspended fibers [34,35].
However, we show that none of these effects played a role in
our experiment (see Supplement 1). Nevertheless, we measured
a strong modulation of the optical phase at 100 Hz. We excluded
that the modulation was an experimental artifact, as this was not
observed either on L1 and when a short link was used instead of
the submarine link.

Figure 6 compares the phase noise of the round-trip signal over
the standard telecom cable L1 and the telecom cable embedded in
the power line L2. The observed modulation is attributed to the
force between current-carrying wires producing a vibration of the
cable at twice the line frequency, 100 Hz. Recent studies ad-
dressed this issue showing (see, for instance, [39]) that an acoustic
tonal noise at twice the line frequency could emerge by more than
20 dB over the background acoustic noise at a distance of 100 m
from a submarine HV cable. Assuming a cylindrical spreading law
for the sound wave, we estimated the magnitude of the line-syn-
chronous component to be more than 40 dB above the noise close
to the source. Although a quantitative estimation is difficult, this
effect is consistent with that observed on the optical phase during
our experiment on L2, considering that the fiber cable is placed
inside the vibrating cable and that the cable itself is buried, thus
further shielding the effect of external acoustic noise. The strong
modulation of the optical phase could be problematic in some
frequency transfer applications as it is only partially suppressed
when the noise compensation loop is activated. However, it
did not constitute an issue for our phase noise measurements,
as its frequency is well within the tracking bandwidth of
clean-up filters.

Changes in the electric current flowing in the cables also cause
strong variation of the cable temperature. Figure 7(a) shows the
expected temperature variations ΔT (black line) of L2, calculated
from the observed phase variations Δϕ over the round trip
through the relation

ΔT � Δϕ∕
�
2πν

2L
c

∂n
∂T

�
, (1)

where ν and c represent the optical frequency and speed of light in
vacuum, L is the link length, and ∂n

∂T � 10−5∕K is the thermo-
optic coefficient [18]. Good agreement is observed with the
temperature variations measured by a commercially distributed
Brillouin sensor placed along the power cable (red line). This sen-
sor produces space-resolved temperature measurements over the
whole cable length, with a 2 m resolution. The trace shown in
Fig. 7(a) has been obtained by integrating these point measure-
ments for comparison with the integrated optical phase. The re-
sulting temperature changes are considerably larger than those
that would be induced by a typical submarine environment.

Fig. 5. Simplified sketch (left) and a picture (right) of the cable used
in our experiment. 1: external protection, 2: steel-wire armor, 3: filler, 4:
optical cables, 5: lead-alloy sheath, 6: cross-linked polyethylene (XLPE)
dielectric insulation, 7: copper conductors.
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For example, if we attribute the optical phase variations of L1
exclusively to temperature, the corresponding temperature varia-
tions are calculated to be lower than 14 mK. For comparison, in
the 2 × 150 km land link shown in Fig. 3, the calculated varia-
tions are approximately 1.4 K and exhibit daily periodicity [27].
The temperature changes induced by the high current flowing in
the cable were observed to lead to phase variations of up to 6 ×
105 cycles in few hours. These correspond to frequency variations
as large as 60 Hz or 3 × 10−13, as shown in Fig. 7(b), which in
turns lead to a deterioration of frequency stability. These large
phase excursions do not represent a problem in fully bidirectional
links, where they are rejected. A different situation might occur in
links established with fiber pairs, where one fiber is used for each
direction of propagation and the phase changes might not be fully
correlated. This could compromise the stability and accuracy of
the transferred signal. We note that such temperature effects are
likely to be observed also in gas and oil pipelines, whose temper-
ature is often actively changed to regulate the flux of gas or oil.
Moreover, these utility distribution systems in most cases control
the fluid temperature by electric heating or through induction.
This might lead to non-negligible electric and magnetic-field-
related effects as observed in our experiment. These sources must
be carefully assessed during the design of frequency transfer sys-
tems over submarine links.

4. TRANSCONTINENTAL FIBER LINKS FOR
METROLOGY

From the noise measurements on the L1 and L2 links, we
extrapolate the noise levels that could be found on an intercon-
tinental fiber link of length up to 7000 km. This enables us to
calculate the transfer stability that can be achieved in a two-way
phase comparison over these distances, when the signals propa-
gate bidirectionally in the same fiber or in two separate fibers,
one for each direction of propagation. In order to estimate the
noise over intercontinental distances, we make the assumption
that the perturbations have a correlation length much shorter than

the link length L [20]. We believe this is justified by taking into
consideration the local nature of noise-inducing sources like wind,
rain, and currents [40]. We also believe our estimate is
conservative as it is based on noise levels measured in the shallow
and dense traffic-carrying waters of the Sicily–Malta channel,
where man-made noise arising from ferries, boats, and coastal
activity can have a substantial impact on the seafloor. Over time-
scales of hours, we expect the noise to be dominated by temper-
ature changes. A proper estimation of their magnitude and
correlation length is challenging because of the lack of sufficient
literature on hourly or daily temperature variations of the seafloor.
However, studies on the seasonal and annual trends show that
seafloor temperature fluctuations decrease significantly with
depth [41] and are at the level of few tens of milliKelvin in abyssal
oceanic plains over a monthly scale [42], and thus we expect them
to be significantly lower on the hourly scale that is considered in
this work. Under the assumption of spatially uncorrelated pertur-
bations, the power spectral density (PSD) of the measured noise
increases linearly with L. This can be written as

SL�f � �
L
L0

SL0�f �, (2)

where SL0�f � indicates the phase noise of a link of length L0.
It should be considered that in our experiment we measured

the optical phase noise after a round trip in a 100 km link in two
adjacent fibers. It can be demonstrated that the noise of a single
trip can be obtained by dividing the round-trip noise by a factor of
4 [20]. This takes into account the fact that the noise in the two
directions is highly correlated at Fourier frequencies f ≪ v∕L,
where v is the speed of light in the fiber. The residual noise ex-
pected when the link is operated in the two-way technique can be
predicted if the noise PSD of the fiber Sφ�f � is known. The
residual noise was calculated for a link where a single fiber is used
for both directions of propagation [21]. When separate fibers are
used the noise is not fully correlated. To mathematically describe
this situation, we assume that two fibers of the same cable are
affected by a correlated component, which is common in ampli-
tude and phase for the two fibers, plus an uncorrelated compo-
nent, whose PSD Sδ�f � is related to the overall fiber noise Sφ�f �
through the relation

Sδ�f � � �1 − k�2Sφ�f �, (3)

with 0 < k < 1. This means that the root-mean-square amplitude
of the correlated noise is a (usually large) fraction k of the total
noise. The value of k depends on the specific structure of the cable
in which the fibers are housed and is, in general, a decreasing func-
tion of Fourier frequency. It can be shown (see Supplement 1) that
the noise PSD of a two-way fiber-based clock comparison where a
fiber pair is used, Spair,tw�f �, can be written as

Spair,tw�f � �
1

4

�
�1 − k�2 � 1

3

�
2πf

L
v

�
2
�
Sφ�f �: (4)

This behavior is confirmed by experimental data [22] and it
reduces to the well-known prediction in a single-fiber approach
when the noise is fully correlated, i.e., for k � 1.

As an example, we derive the power spectral density and Allan
deviation of a noise-compensated transoceanic link of length
L � 7000 km. The gray and light gray curves in Fig. 8 are the
measured phase noise and Allan deviation over L1 and L2, respec-
tively. The black line shows the noise model that approximates the
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a distributed Brillouin sensor placed along the cable (red line).
(b) The corresponding frequency shift.
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measured values, described by the power law Sφ�f � � h−2∕f 2 �
h−3∕f 3 with h−2 � 4 rad2 Hz and h−3 � 0.18 rad2 Hz2. The
Allan deviation calculated from these values [36] is consistent with
that experimentally measured. For the L1 link, the discrepancy at
short timescales between the model and the measured values is due
to the noise introduced by the 25-m-long patch cords. For the L2
link, the discrepancy occurs at long timescales, where the stability is
degraded by the temperature changes induced by the high currents
flowing in the HV cable. From this model we evaluated the phase
noise and Allan deviation expected for a single-trip 100 km link and
then, using Eq. (2), for a transoceanic link. The results are shown
by the green line. Finally, we estimate the performance achievable
by a two-way comparison scheme in the two approaches where a
single or a pair of fibers is used for the two transmitting directions.
The red line shows the results in case a fiber pair is used, as derived
from Eq. (4). We stress that this relation holds only for Fourier
frequencies f ≪ v∕L, which correspond to f ≪ 30 Hz in a
7000 km link. Accordingly, the estimated spectra in the graph
are plotted only for Fourier frequency f < 3 Hz. In practical cases,
noise at higher frequencies can be effectively rejected by reducing
the measurement bandwidth [36]. This estimate uses values of k
derived from published measurements on links established over
fiber pairs on land. Up to 27 dB rejection has been reported on
the noise of the two-way comparison with respect to the noise
of the free-running fiber at frequencies higher than 0.1 Hz, imply-
ing k � 0.91 [22]. A similar value can be derived with an analo-
gous procedure from the measurements reported in [27], which
refer to a different topology. The correlation further increases
for long-term noise. In [22], the Allan deviation on averaging times
of hours is improved by 2 orders of magnitude over that of the
uncompensated fiber, meaning that the low-frequency noise rejec-
tion can be as high as 40 dB, which corresponds to k � 0.98. In
our estimate, we assumed k � 0.91 at Fourier frequencies f >
4 mHz and k � 0.98 for lower frequencies. The ultimate instabil-
ity expected for this link is at the level of 1 × 10−16 and can be
reached within few hours of measurement. These results, based
on experimental values for the submarine fibers’ noise, confirm pre-
vious estimations of transoceanic comparisons based on the noise of
terrestrial links [22]. The orange lines show the expected perfor-
mance for the single-fiber approach. As in the previous case, the

extrapolated noise is considered only for Fourier frequencies
f < 3 Hz. Ultimate uncertainties in the 10−19 range could be,
in principle, achievable, although the feasibility of this kind of
architecture still remains to be explored. We show that fiber-based
techniques are a viable alternative to satellite-based techniques over
transoceanic distances for remote clock comparison. While it is not
possible to use traditional bidirectional frequency transfer tech-
niques, the expected correlation of two adjacent fibers enables a
transfer stability at the 1 × 10−16 level to be achieved in less than
one hour of measurement. In contrast, the best satellite-based tech-
niques (GPS Integer Precise Point Positioning, GPS IPPP) require a
few days of measurement [43] to achieve the same level of stability
{dashed line [modified Allan deviation] in Fig. 8(b)}. While this is
still not sufficient to compare optical clocks at their ultimate per-
formance, much faster comparisons of primary standards over fiber
could be achieved using fiber links instead of satellite links, enabling
a faster and more accurate computation of the International Atomic
Time. Moreover, the combined use of fiber and satellite techniques
could help tackle the ultimate limits of both techniques.

We also stress that our noise estimation might be conservative,
as environmental noise in the ocean could result to be lower than
that measured in the Mediterranean Sea. Both L1 and L2 links are
installed in shallow sea and exposed to intense ship traffic and
large temperature variations. Lower acoustic noise from shipping
and temperature variations can be expected on the ocean floor.

A transoceanic link of up to 7000 km length uses tens of cas-
caded optical amplifiers to counteract the optical losses. It has
been demonstrated that in long amplifiers, chains of their ampli-
fied spontaneous emission can build up and degrade the optical
signal-to-noise ratio [44]. An impact of this effect on coherent
frequency transfer should be considered as well.

5. APPLICATIONS IN GEOPHYSICAL SENSING

The extremely low intrinsic noise of submarine fiber cables in the
acoustic region and on timescales of minutes opens a broad range
of perspectives for their applications outside the core metrological
field, especially for sensing. Almost everywhere, the seafloor is
affected by seismic noise at frequencies ranging from 0.1 to
0.2 Hz. This is generally attributed to wind–sea interaction
[45], which creates trains of counter-propagating waves. In turns,
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the motion of the water column is transmitted to the underlying
ground causing a vertical motion, with a micrometer amplitude
(hence the name microseismicity) at twice the wave frequency. The
study of seafloor seismicity through ocean-bottom seismometers
(OBS) has proved to be a useful tool for investigating phenomena
such as wave formation and propagation [46]. This is of interest
for the environmental monitoring of areas where sensing buoys
are not available, e.g., open seas and oceans, or as a complemen-
tary tool to satellite techniques, which have a coarse spatial cover-
age and a poor spectral response.

During our measurement campaign, we were able to detect
these periodic oscillations at a Fourier frequency of 0.15 Hz.
Figure 9 compares the spectrum of the phase acquired by the op-
tical signal while traversing the fiber with that of two seismom-
eters (displacement measurements), located within few kilometers
from the link end in Sicily (IV.HPAC) and Malta (MN.WDD).
The spectra were recorded at the same time and have been
re-normalized for better visualization.

A peak at approximately 0.15 Hz is visible on all traces, whose
power was observed to change over the course of a few hours. No
correlation was found between the time evolution of this signal
among the three measured spectra. We attribute this to the local
nature of the perturbation induced by wind and waves, which can
substantially vary over the considered distances [46]. In fact, while
seismometers measure the seismic displacement at a single loca-
tion, the signal retrieved from the fiber represents the displace-
ment integrated over the full fiber path.

The use of an optical fiber as a sensing element could be inves-
tigated also for the detection of other weak effects such as the Earth’s
background seismic oscillations in the millihertz spectral region, de-
tected also in the absence of earthquake events, known as hum [47].
Researchers are still looking for a satisfactory explanation of this
effect, which is complicated by the high background noise of
OBS due to ocean wave loads and seafloor currents. On the one hand,
post-processing techniques are being proposed to deconvolve these
artefacts from the true measurand [48]. A deployed optical fiber,
on the other hand, is expected to be less affected than an OBS, thus
offering intriguing possibilities also for the study of this effect.

6. CONCLUSION

We reported on the first noise characterization of submarine fiber
links for frequency metrology. We observed interaction between
high-voltage electric fields and measured optical phase in a fiber
link installed in a power cable, and we identified the mechanism
behind the observed perturbations. These measurements are an
essential prerequisite for studying the feasibility of intercontinental
fiber links for remote clock comparisons. We showed that, while
traditional bidirectional frequency transfer techniques are not di-
rectly applicable to the existing underwater cable infrastructure,
the noise measured on the Malta–Sicily submarine links indicates
that a transfer stability of 1 × 10−16 could still be achieved over
thousands of kilometers, enabling faster atomic clock comparisons
over intercontinental distances. Further research on longer links
and in deeper waters will allow for our estimate to be refined.
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