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Chronometric Geodesy What is chronometric geodesy?

Basic principle of chronometric geodesy

The flow of time, or the rate of a clock when compared to coordinate
time, depends on the velocity of the clock and on the space-time metric
(which depends on the mass/energy distribution).

In the weak-field approximation:
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P. DELVA (SYRTE/OBSPM/SU) École de Phys. des Houches 40 / 89

Chronometric levelling

Gravitational shift ~10-16 /m

• Clock	rate,	when	compared	to	coordinate	/me,	depends	on	the	velocity	of	the	clock	and	on	the	space-/me	metric	
(which	depends	on	the	mass/energy	distribu/on).		

• Accuracy	of	op/cal	clocks	starts	to	be	compe//ve	with	classical	methods:		up	to	a	few	cen/meters	for	the	sta/c	
poten/al	at	high	spa/al	resolu/on	

• Possibili/es	for	technical	realisa/on	of	a	system	for	measuring	poten/al	differences	over	intercon/nental	distances	
using	clock	comparisons	

Chronometric Geodesy What is chronometric geodesy?

Chronometric observables in geodesy

Chronometric observables are a completely new type of observable in
geodesy: gravity potential di↵erences are directly observed

Accuracy of optical clocks starts to be competitive with classical
methods which have accuracies up to a few centimeters for the static
potential at high spatial resolution

P. DELVA (SYRTE/OBSPM/SU) École de Phys. des Houches 41 / 89

Vermeer,	M.	(1983).	Chronometric	Levelling.	Finnish	Geode/c	Ins/tute,	Helsinki.		
Bjerhammar,	A.	(1985).	Bull.	Geodesique	59.3,	pp.	207–220.	doi:	10.1007/BF02520327.		 Courtesy Pacome Delva
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70 years of improvements…

Clock performances

Courtesy	S.	Bize,	C.	Salomon

meter level

centimeter level
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Local clock comparison

tion from this motion leads to a fractional fre-
quency shift for the moving clock of (17)

df
f0

¼ 1
〈gð1 − v∥=cÞ〉

− 1 ð1Þ

Here v|| is the velocity of the Al+ ion along
the wave vector of the probe laser beam g ¼
1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − v2=c2

p
, c is the speed of light, v is the

ion’s velocity with respect to the laboratory ref-
erence frame, and f0 is the ion’s proper resonant
frequency. Angle brackets denote time averages.
Because the induced Al+ ion motion is harmonic,
its contribution to 〈v||〉 averages to zero; therefore,
any observed change in the ion’s transition fre-
quency is due to a change in g and corresponds to
relativistic time dilation (18). For v/c << 1, Eq. 1
can be approximated by df /f0 ≈ −〈v2〉/2c2 (17). We
measured the frequency difference between the
two clocks (df/f0) while varying the velocity of the
ion motion. The experimental results, which con-
firm the prediction of Eq. 1, are plotted in Fig. 2.

Differences in gravitational potential can be de-
tected by comparing the tick rate of two clocks. For
small height changes on the surface of Earth, a
clock that is higher by a distance ∆h runs faster by

df
f0

¼ gDh
c2

ð2Þ

where g ≈ 9.80 m/s2 is the local acceleration due
to gravity (4). The gravitational shift corresponds
to a clock shift of about 1.1 × 10−16 per meter of
change in height. To observe this shift, we first
compared the frequencies of the two Al+ clocks at
the original height difference of ∆h = h(Mg-Al) −
h(Be-Al) = −17 cm, which was measured with a
laser level. Then we elevated the optical table on
which theMg-Al clock was mounted, supporting
it on platforms that increased the height by 33 cm,
and compared the frequencies again. The two mea-

surements consist of approximately 100,000 s of
low-height data and 40,000 s of high-height data,
and the clocks exhibit (Fig. 3) a fractional fre-
quency change of (4.1 T 1.6) × 10−17. When this
shift is interpreted as a measurement of the change
in height of the Al-Mg clock, the result of 37 T
15 cm agrees well with the known value of 33 cm.

Although ideally 〈v||〉 = 0, small linear veloc-
ities of the Al+ ions can occur because of effects
such as slow electrical charging of insulating ma-
terial in the trap. FromEq. 1, the clock’s frequency
(that is, the frequency of the probe laser locked to
the moving ion’s clock transition) exhibits a frac-
tional frequency shift

df
f0

≈
〈v∥〉
c

ð3Þ

if the Al+ ion is moving at an average velocity 〈v||〉
in the propagation direction of a probe laser beam.
In the comparison measurements between the Al+

clocks, theDoppler effect was carefully constrained
by alternate use of probe laser beams counter-
propagating with respect to each other (11). Any
motion of the ion is detected as a difference in the
transition frequencies measured by the two laser
beams. In theAl-Mg clock,we observed a fractional
frequency difference of (1.2 T 0.7) × 10−17 be-
tween the two probe directions, which corresponds
to the ionmoving at a speed of (1.8 T 1.1) nm/s in
the lab frame. However, the clock rate is not sig-
nificantly affected by a velocity of this magnitude,
because it is derived from an average of the two
opposite laser-probe directions.

Small relativistic effects reported here have
been observed with optical atomic clocks of un-
precedented precision and accuracy. With im-
proved accuracy, the sensitivity of optical clocks
to small variations in gravitational potential might
find applications in geodesy (19, 20), hydrology
(21), and tests of fundamental physics in space

(22). The basic components for clock-based geo-
detic measurements were demonstrated here by
comparing two accurate Al+ optical clocks through
75 m of noise-canceled fiber and measuring
height-dependent clock shifts. In clock-based
geodesy (23, 24), accurate optical clocks would
be linked to form a network of “inland tide gauges”
(25) that measure the distance from Earth’s sur-
face to the geoid: the equipotential surface of
Earth’s gravity field that matches the global mean
sea level. Such a network could operate with high
temporal (daily) and geospatial resolution at the
clock locations. It would therefore complement
geodetic leveling networks, whose update period
is typically 10 years or longer, as well as biweekly
satellite-generated global geoid maps.

For a network to be useful, clock accuracy
must be improved to 10−18 or better (26–28) to
allow for height measurements with 1-cm uncer-
tainty. In Al+ clocks, improved control of the ion
motion is needed to reduce the uncertainty of
motional time dilation, and issues of reliability
must be addressed, so that the clocks can operate
unattended for long periods. High-quality links
are also needed to connect the optical clocks.
Realistic link demonstrations with telecommuni-
cations fiber akin to the links used in this work
have shown that optical frequencies can be trans-
mitted across fiber lengths of up to 250 km with
inaccuracy below 10−18 (29–31), and continent-
scale demonstrations are in progress (30). How-
ever, intercontinental links may require the faithful
transmission of optical carrier frequencies to sat-
ellites through the atmosphere, and this is an un-
solved problem under active investigation (32, 33).

References and Notes
1. A. Einstein, Annal. Physik 17, 891 (1905).
2. B. Rossi, D. B. Hall, Phys. Rev. 59, 223 (1941).
3. J. C. Hafele, R. E. Keating, Science 177, 166 (1972).
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Fig. 3. Gravitational time dilation at the scale of daily life. (A) As one of the
clocks is raised, its rate increases when compared to the clock rate at deeper
gravitational potential. (B) The fractional difference in frequency between
two Al+ optical clocks at different heights. The Al-Mg clock was initially
17 cm lower in height than the Al-Be clock, and subsequently, starting at
data point 14, elevated by 33 cm. The net relative shift due to the increase in

height is measured to be (4.1 T 1.6) × 10−17. The vertical error bars rep-
resent statistical uncertainties (reduced c2 = 0.87). Green lines and yellow
shaded bands indicate, respectively, the averages and statistical uncertain-
ties for the first 13 data points (blue symbols) and the remaining 5 data
points (red symbols). Each data point represents about 8000 s of clock-
comparison data.
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Here v|| is the velocity of the Al+ ion along
the wave vector of the probe laser beam g ¼
1=
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, c is the speed of light, v is the

ion’s velocity with respect to the laboratory ref-
erence frame, and f0 is the ion’s proper resonant
frequency. Angle brackets denote time averages.
Because the induced Al+ ion motion is harmonic,
its contribution to 〈v||〉 averages to zero; therefore,
any observed change in the ion’s transition fre-
quency is due to a change in g and corresponds to
relativistic time dilation (18). For v/c << 1, Eq. 1
can be approximated by df /f0 ≈ −〈v2〉/2c2 (17). We
measured the frequency difference between the
two clocks (df/f0) while varying the velocity of the
ion motion. The experimental results, which con-
firm the prediction of Eq. 1, are plotted in Fig. 2.

Differences in gravitational potential can be de-
tected by comparing the tick rate of two clocks. For
small height changes on the surface of Earth, a
clock that is higher by a distance ∆h runs faster by
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where g ≈ 9.80 m/s2 is the local acceleration due
to gravity (4). The gravitational shift corresponds
to a clock shift of about 1.1 × 10−16 per meter of
change in height. To observe this shift, we first
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the original height difference of ∆h = h(Mg-Al) −
h(Be-Al) = −17 cm, which was measured with a
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which theMg-Al clock was mounted, supporting
it on platforms that increased the height by 33 cm,
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surements consist of approximately 100,000 s of
low-height data and 40,000 s of high-height data,
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motion of the ion is detected as a difference in the
transition frequencies measured by the two laser
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tween the two probe directions, which corresponds
to the ionmoving at a speed of (1.8 T 1.1) nm/s in
the lab frame. However, the clock rate is not sig-
nificantly affected by a velocity of this magnitude,
because it is derived from an average of the two
opposite laser-probe directions.
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been observed with optical atomic clocks of un-
precedented precision and accuracy. With im-
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to small variations in gravitational potential might
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(25) that measure the distance from Earth’s sur-
face to the geoid: the equipotential surface of
Earth’s gravity field that matches the global mean
sea level. Such a network could operate with high
temporal (daily) and geospatial resolution at the
clock locations. It would therefore complement
geodetic leveling networks, whose update period
is typically 10 years or longer, as well as biweekly
satellite-generated global geoid maps.

For a network to be useful, clock accuracy
must be improved to 10−18 or better (26–28) to
allow for height measurements with 1-cm uncer-
tainty. In Al+ clocks, improved control of the ion
motion is needed to reduce the uncertainty of
motional time dilation, and issues of reliability
must be addressed, so that the clocks can operate
unattended for long periods. High-quality links
are also needed to connect the optical clocks.
Realistic link demonstrations with telecommuni-
cations fiber akin to the links used in this work
have shown that optical frequencies can be trans-
mitted across fiber lengths of up to 250 km with
inaccuracy below 10−18 (29–31), and continent-
scale demonstrations are in progress (30). How-
ever, intercontinental links may require the faithful
transmission of optical carrier frequencies to sat-
ellites through the atmosphere, and this is an un-
solved problem under active investigation (32, 33).
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Fig. 3. Gravitational time dilation at the scale of daily life. (A) As one of the
clocks is raised, its rate increases when compared to the clock rate at deeper
gravitational potential. (B) The fractional difference in frequency between
two Al+ optical clocks at different heights. The Al-Mg clock was initially
17 cm lower in height than the Al-Be clock, and subsequently, starting at
data point 14, elevated by 33 cm. The net relative shift due to the increase in

height is measured to be (4.1 T 1.6) × 10−17. The vertical error bars rep-
resent statistical uncertainties (reduced c2 = 0.87). Green lines and yellow
shaded bands indicate, respectively, the averages and statistical uncertain-
ties for the first 13 data points (blue symbols) and the remaining 5 data
points (red symbols). Each data point represents about 8000 s of clock-
comparison data.
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• Experimental	demonstra/on	of	the	dependency	of	clock	frequency	with	local	height	with	two	Al+	op/cal	clocks			

• Star/ng	at	data	point	14,	one	of	the	clock	is	elevated	by	33	cm.		

• The	net	rela/ve	shic	is	measured	to	be	(41	±	16)	×	10−18.	
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Principles of operation of fiber links
Fiber links : seminal works (Primas et al., 1988)

STABILIZED FIBER OPTIC FREQUENCY DISTRIBUTION 
SYSTEM* 

Lori E. Primas 
George F. Lutes 

Richard L. Sydnor 
Jet Propulsion Laboratory 
Pasadena, California 91109 

Abstract 

A technique for stabilizing reference frequencies transmitted over flber optic cable 
in a frequency distribution system is discussed. The distribution system utilizes fiber 
optic cable as the transmission medium to dietribute precise reference signals from a 
frequency standard to remote users. The stability goal of the distribution system is 
to transmit a 100 MH5 signal over a 22 km fiber optic cable and maintain a stability 
of 1 part in 1017 for 1000 eeconds averaging times. Active stabilization of the link is 
required to reduce phase variations produced by environmental effects, and is achieved 
by transmitting the reference signal from the frequency standard to the remote unit 
and then reflecting back to the reference unit over the same optical flber. By comparing 
the phaee of the transmitted and reflected signals at  the reference unit, phase variations 
on the remote signal can be measured. An error voltage derived from the phase 
difference between the two signals is used to add correction phase. An improved 
version of a previous electronic stabilizer has been built and results of its performance 
are reported. 

Introduction 
With the current advances in the development of precise frequency standards, greater emphasis is 
being placed on frequency distribution systems that can distribute the reference signal derived from 
a standard without appreciably degrading it. The high cost of developing and maintaining a state- 
of-the-art frequency standard makes it beneficial to have one precise standard at a complex and to 
distribute the reference signal from this standard to various users within the complex. Often the 
reference signal must be distributed tens of kilometers. Furthermore, future scientific experiments 
may also gain from having coherent signals at several remote locations. 

The Deep Space Network, supported by JPLINASA, is a prime contender for such a distribution 
syste'rn. The DSN consists of three complexes located at Goldstone, California, Madrid, Spain and 
Canberra, Australia. At each complex there are at least four stations, each supported by a parabolic 
dish antenna with an ultra- sensitive receiving system requiring a precise frequency reference. Cur- 
rently each complex is supported by a primary hydrogen maser and a backup hydrogen maser. Projects 
supported by the DSN that require this type of distribution system include unmanned space flight 

"Thia work repreaenta the reaulta of one phase of research carried out at the Jet Propulaion Laboratory, California 
Institute of Technology, under contract sponsored by the National Aeronautics and Space Administration 

Microwave distribution systems have also been used in the complex at Goldstone, California. Mi- 
crowave distribution systems have shortcomings in that they are highly susceptible to interference and 
require large input powers and repeaters to go several kilometers. Because of the limited bandwidth 
of microwave systems, the 100 MHz signal cannot be transmitted over microwave links directly. 

Fiber optic cable is the best distribution medium for transmitting precise reference frequencies. 
The loss in typical fiber optic cable is less than 0.5 dB/Km at the optical wavelength of 1300 nm. A 
typical laser transmitter puts out 0 dBm and is attenuated less than 11 dB over 22 Km. Standard 
single mode fiber optic cable has a TCD of 7 ppm/"C making it less susceptible to temperature 
changes than coaxial cable. The fiber optic cable used at the Goldstone complex is buried 1.5 m 
under the ground, making the fiber quite insensitive to diurnal temperature changes. Fiber optic 
cable has the additional advantages that the fiber is insensitive to electromagnetic interference (EMI) 
and radio frequency (RFI) and can be made less sensitive to microphonics using an optical isolator 
between the laser transmitter and the fiber optic cable. An additional advantage of fiber optic cable 
as the transmission medium is that the superior performance of the optical components make it quite 
practical to transmit the signal simultaneously in both directions in the same fiber. This proves to be 
a key factor in actively stabilizing the distribution system. 

Active Stabilization Of A Fiber Optic Frequency Distribution Sys- 
tem 
Passive stabilization of fiber optic transmission links, such as burial of the cable, is not sufficient for 
maintaining stabilities in the range required for many applications. When stabilities higher than a 
part in 1015 are required the link must be actively stabilized. 

The phase conjugator is the key element of the actively controlled fiber optic distribution system. 
The frequency distribution system consists of a reference unit, containing the frequency standard, and 
a remote unit, where the frequency standard is to be transmitted. The method for actively controlling 
the phase variations in the fiber is based on maintaining a constant phase relation between the input 
phase and the phase of the received signal. 

A signal passing through the fiber optic cable in both directions experiences identical delay in the 
two directions. The midpoint of the signal is at the far end of the cable and experiences exactly half 
of the round trip delay. If the phases of the transmitted and received signals at the reference end of 
the cable are conjugate, the phase at the remote end is independent of phase delays in the medium 
(see Figure 1). An electronic device that detects the phases of the transmitted and received signals 
at the input to the fiber and adds enough phase to maintain conjugation is called a phase conjugator 
(see Figure 2). 

The reference unit consists of the frequency standard, the phase conjugator, a fiber optic transmit- 
ter, a fiber optic receiver, an optical coupler and a phase-lock loop (PLL) (see Figure 3). The remote 
unit consists of a 50150 mirror, a fiber optic receiver and a PLL. 

The phase conjugator compares the phase of the transmitted and received signals in the reference 
unit and an error voltage derived from the phased difference is used to control a voltage-controlled 
oscillator (VCO) (see Figure 4). The particular design of this phase conjugator requires a 100 MHz 
reference signal and a 20 MHz auxiliary signal. A previous design used a single 100 MHz reference 
signal, but required two precisely matched phase detectors and tightly controlled signal levels. By 
using the 20 MHz auxiliary signal, a single phase detector can be used to measure phase error. 

The 100 MHz signal and the 20 MHz signals are multiplied together in mixer M1 to produce 80 
MHz and 120 MHz signals. A power splitter (Sl) separates the signal out of the mixer (MI) into two 
signal paths. Band pass filters in each signal path separate the 80 MHz and 120 MHz signals. The 80 
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of-the-art frequency standard makes it beneficial to have one precise standard at a complex and to 
distribute the reference signal from this standard to various users within the complex. Often the 
reference signal must be distributed tens of kilometers. Furthermore, future scientific experiments 
may also gain from having coherent signals at several remote locations. 

The Deep Space Network, supported by JPLINASA, is a prime contender for such a distribution 
syste'rn. The DSN consists of three complexes located at Goldstone, California, Madrid, Spain and 
Canberra, Australia. At each complex there are at least four stations, each supported by a parabolic 
dish antenna with an ultra- sensitive receiving system requiring a precise frequency reference. Cur- 
rently each complex is supported by a primary hydrogen maser and a backup hydrogen maser. Projects 
supported by the DSN that require this type of distribution system include unmanned space flight 

"Thia work repreaenta the reaulta of one phase of research carried out at the Jet Propulaion Laboratory, California 
Institute of Technology, under contract sponsored by the National Aeronautics and Space Administration 

Microwave distribution systems have also been used in the complex at Goldstone, California. Mi- 
crowave distribution systems have shortcomings in that they are highly susceptible to interference and 
require large input powers and repeaters to go several kilometers. Because of the limited bandwidth 
of microwave systems, the 100 MHz signal cannot be transmitted over microwave links directly. 

Fiber optic cable is the best distribution medium for transmitting precise reference frequencies. 
The loss in typical fiber optic cable is less than 0.5 dB/Km at the optical wavelength of 1300 nm. A 
typical laser transmitter puts out 0 dBm and is attenuated less than 11 dB over 22 Km. Standard 
single mode fiber optic cable has a TCD of 7 ppm/"C making it less susceptible to temperature 
changes than coaxial cable. The fiber optic cable used at the Goldstone complex is buried 1.5 m 
under the ground, making the fiber quite insensitive to diurnal temperature changes. Fiber optic 
cable has the additional advantages that the fiber is insensitive to electromagnetic interference (EMI) 
and radio frequency (RFI) and can be made less sensitive to microphonics using an optical isolator 
between the laser transmitter and the fiber optic cable. An additional advantage of fiber optic cable 
as the transmission medium is that the superior performance of the optical components make it quite 
practical to transmit the signal simultaneously in both directions in the same fiber. This proves to be 
a key factor in actively stabilizing the distribution system. 

Active Stabilization Of A Fiber Optic Frequency Distribution Sys- 
tem 
Passive stabilization of fiber optic transmission links, such as burial of the cable, is not sufficient for 
maintaining stabilities in the range required for many applications. When stabilities higher than a 
part in 1015 are required the link must be actively stabilized. 

The phase conjugator is the key element of the actively controlled fiber optic distribution system. 
The frequency distribution system consists of a reference unit, containing the frequency standard, and 
a remote unit, where the frequency standard is to be transmitted. The method for actively controlling 
the phase variations in the fiber is based on maintaining a constant phase relation between the input 
phase and the phase of the received signal. 

A signal passing through the fiber optic cable in both directions experiences identical delay in the 
two directions. The midpoint of the signal is at the far end of the cable and experiences exactly half 
of the round trip delay. If the phases of the transmitted and received signals at the reference end of 
the cable are conjugate, the phase at the remote end is independent of phase delays in the medium 
(see Figure 1). An electronic device that detects the phases of the transmitted and received signals 
at the input to the fiber and adds enough phase to maintain conjugation is called a phase conjugator 
(see Figure 2). 

The reference unit consists of the frequency standard, the phase conjugator, a fiber optic transmit- 
ter, a fiber optic receiver, an optical coupler and a phase-lock loop (PLL) (see Figure 3). The remote 
unit consists of a 50150 mirror, a fiber optic receiver and a PLL. 

The phase conjugator compares the phase of the transmitted and received signals in the reference 
unit and an error voltage derived from the phased difference is used to control a voltage-controlled 
oscillator (VCO) (see Figure 4). The particular design of this phase conjugator requires a 100 MHz 
reference signal and a 20 MHz auxiliary signal. A previous design used a single 100 MHz reference 
signal, but required two precisely matched phase detectors and tightly controlled signal levels. By 
using the 20 MHz auxiliary signal, a single phase detector can be used to measure phase error. 

The 100 MHz signal and the 20 MHz signals are multiplied together in mixer M1 to produce 80 
MHz and 120 MHz signals. A power splitter (Sl) separates the signal out of the mixer (MI) into two 
signal paths. Band pass filters in each signal path separate the 80 MHz and 120 MHz signals. The 80 
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L. E. Primas et al., Proc. 20th PTTI, Vienna, VA, 29 Nov - 1 Dec 1988(1988)

• Two-way	:	Stabilized	/	Post-processed		
• Post-processed	techniques	used	for	comparison	purposes	

• One	way:	Unstabilized	(affects	stability	and	accuracy)

• Bi-direc/onal	or	uni-direc/onal	(affects	noise	
correla'ons)	

• Analog	or	digital	(affect	the	scalability)
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link Paris-Villetaneuse-Paris (86 km)

Active noise compensation after one round-trip
Strong hypothesis : noise forth and back are the 
same 
2 ends at the same place (for link stability 
measurements)
RF, hF or optical signals
Technical challenges:
Long haul : more noise, less signal…
Automation, remote control
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Performances of means of comparison

30 years of improvements
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Coherent Optical links

O.	Lopez	et	al.,	Comptes	Rendus	Physique,	16	(5),	pp.	459-586	(2015)	(2015)

• Frequency	comparison	with	inaccuracy	~10-19	

• Range	~	a	few	1000	km	

• >10	years	of	development	

• Matured	technology		

• knowledge	transfer	to	industry	mostly	done	

• Commercially	available

Satellite links don’t meet optical 
optical clocks comparisons 
requirements

Coherent Optical links:

http://www.sciencedirect.com/science/journal/16310705
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Applications areaLink impact outside primary metrology

Radio-astronomy
VLBI

Relativistic Geodesy

Space 
Geodesy 

Atomic and Molecular Physics

GNSS, Industry

Primary Metrology
Clock	comparison,	

UTC

Courtesy Davide Calonico

Optical 
methods

RF+time 
methods

this talk now focus on optical frequency transfer
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Fiber networks 
Chapter 2

The Italian fibre link

LSM INRIM

LENS

CNR-INO CGS-ASI

Modane Torino
Medicina

Bologna

Firenze

Roma

Milano

Fucino

MateraPozzuoli

Galileo PTF

Financial 
District

INAF

Napoli

Sesto 
Fiorentino

Figure 2.1: The italian fibre link. Red line: link span under operation since 2014. Yellow line:
extension in 2018. Purple line: link span connecting the INRIM to the French border, for a future
connection to the European network.

In Italy in 2014 a coherent optical fibre connecting INRIM to the National

31

REFIMEVE (France) ~ 1300 km LIFT (Italy) ~2000 km NPL, PTB, SYRTE connected
INRIM scheduled for 2019

REFIMEVE+: a metrological network

Dissemination of an 
ultrastable frequency signal

– To 20 academic labs
– For high-precision 

physics

Coordination : LPL 
(University Paris 13/CNRS), 
LNE-SYRTE (Paris 
Observatory/CNRS/PSL) 
and RENATER

PI : C Chardonnet/A. Amy-
Klein (LPL – UP13)
Co-PI : P.E. Pottie (SYRTE) 
and G. Santarelli (LP2N)

06/06/2019 3

N

1000 km

A	fiber	network	of	about	6000	km	
in	EU	enabling	bi-direc'onal,	
coherent,	op'cal	frequency	
transfer

Germany :  ~2000 km, UK ~1000 km
see	also:	
Rela/vis/c	Geodesy	and	Gravimetry	with	Quantum	Sensors	(geo-Q)	
hops://www.geoq.uni-hannover.de/
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First	remote	comparison	of	op/cal	clocks	:	
A.	Yamaguchi	et	al.	Applied	Physics	Express	4,	082203	
(2011)	
Geopoten/al	measurement	with	synchronized	clocks:		
T.Takano	et	al.,	Nature	Photonics	10	(2016)	
see	also	:	
E.Oelker	et	al.,	arXiv:1902.02741	(2019).	
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Figures: 

 

Figure 1: Schematics of an experiment. a, Local clock networks, each 

consisted of synchronously interrogated “master clock” and “slave clocks”, are 

19 

The blue empty circles show the frequency instability for the three day long 

measurement shown in Fig. 3b. Right axis shows corresponding height 

uncertainty between UTokyo and RIKEN. The error bars represent the 1σ-

statistical uncertainty assuming white frequency noise.  

Figure 3: Frequency difference between clocks. a, After averaging 11 

measurements (blue circles) over 6 months, we obtained the frequency 

difference of 𝛥𝜈UT−RIKEN1 𝜈0⁄ = –1,652.9(5.9)×10-18 (blue shaded region), which 

is consistent with a geodetic measurement (red area). Error bars represent the 

1𝜎-statistical uncertainty. Right axis corresponds to the geopotential difference. 

b, Frequency records of a three-day-long measurement. The “master-slave” 

• 3	op/cal	clocks	in	Tokyo	area,	Japan;	~30	km	fiber	link	

• Height	difference	∼	15	m	⇒	Gravita/onal	redshic	∼	1.5x10−15		

• Consistent	with	geode/c	measurements	

• NB:	Clocks	@	NIST,	RIKEN	:	cm	level	@	1	hour	integra/on	/me

Geopotential measurements with linked optical lattice clocks
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The first international optical clock comparison

-

Absolute frequency difference without SI-Hz

Sr	clocks	agrees	within	5x10-17	aIer	
correc'on	of	the	gravita'onal	shiI	

• Leveling	campaign	was	performed	prior	to	the	
comparison	(IGN,	IfE,	LUH;	Delva	et	al.,	2018)		

• Confirms	accuracy	of	Sr	clocks	SYRTE/PTB	

• Confirms	capabili/es	of	long	haul	coherent	fiber	links	 C.Lisdat	et	al.,	ncomms.	7,	(2016)

~1400 km fiber link
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Clock comparisons through a fiber network

Tests of fundamental physics Searches for light dark matter

European fibre-linked optical clock network

Fibre network

High-accuracy long-distance clock
comparisons

Di↵erent clocks: Hg/Sr/Yb+

Sensitivity: X (�↵, ⇤)
limited only by clocks: Sr-Sr:

�!/! ⇠ 3⇥ 10�17 at 1000s

Long observation time: X (T )

Long-term stability: X (d)

P. DELVA (SYRTE/OBSPM/SU) École de Phys. des Houches 77 / 89

Courtesy Pacome Delva
Jérome Lodewyck

5 weeks campaign, June 2017~2300 km fiber link
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LETTERS NATURE PHYSICS

The Sr clock was operated in both locations, LSM and INRIM, to 
eliminate the need for a priori knowledge of the clock’s frequency. 
A schematic outline of the experiment is given in Fig. 1. LSM and 
INRIM were connected by a 150 km noise-compensated optical 
fibre link (see Methods). At LSM, a transportable frequency comb 
measured the optical frequency ratio between a laser resonant with 
the Sr clock transition at 698 nm and 1.542 µ m radiation from an 
ultrastable link laser transmitted from INRIM. In this way, the fre-
quency of the optical clock at LSM could be directly related to the 
frequency of the link laser even without a highly accurate absolute 
frequency reference. In addition to the optical carrier, the fibre link 
was used to disseminate a 100 MHz radiofrequency reference sig-
nal from INRIM for the frequency comb, frequency counters and 
acousto-optic modulators at LSM (see Methods). At INRIM, a cryo-
genic Cs fountain clock23 and a 171Yb optical lattice clock15 served as 
references. The connection between the clocks at INRIM and the 
link laser is provided by a second frequency comb.

Ten days after arriving at LSM in early February 2016, the first 
spectra of motional sidebands on the 1S0–3P0 clock transition were 
recorded from the 87Sr transportable clock, marking the point at 
which a recharacterization of the clock could begin. This set-up 
time included general logistics, powering and thermalization of the 
equipment, installation of reference frequency equipment, realign-
ment of optical fibre couplings, individual testing of all subcompo-
nents and magnetic field compensation for loading the atoms into 
the lattice. The operation of the lattice clock (see Methods) was 
similar to the procedure described in previous works12.

The transportable clock operated less reliably in the environ-
mental conditions at LSM than in initial tests at PTB before trans-
port. Vibrations caused by the tunnel blasting mentioned earlier led 
to degradation of the light delivery for the first cooling stage of the 
magneto-optical trap (MOT; see Methods), which in turn led to 
interruptions due to insufficient atom number. The low-humidity 

environment also hampered the air conditioning in the trailer, caus-
ing the Ti:sapphire laser used to create the optical lattice to overheat, 
further shortening the clock operation periods and thus the evalu-
ation of some contributions to the clock uncertainty budget. The 
blackbody radiation (BBR) shift was still controlled to the level of 
3 ×  10−17. For these reasons, during the allocated time in the tun-
nel simultaneous operation was achieved only with the primary Cs 
fountain clock at INRIM and not with the high-stability Yb lattice 
clock. Although the Yb lattice clock at INRIM operated reliably for 
the majority of the time, the commercial lattice laser for the clock 
failed just before the characterization of the transportable clock had 
been completed. With the transportable clock operating for 2.8 h 
over two days at the end of the LSM campaign in mid-March 2016, 
the instability of the fountain clock (2.2 ×  10−13 τ−1/2, where τ is given 
in seconds) poses a limitation on the uncertainty of the frequency 
measurement. We therefore apply a hydrogen maser as a flywheel24 
to reduce the statistical uncertainty of the measurement: the maser’s 
frequency is rapidly and accurately calibrated by the optical clock, 
and due to the frequency stability of the maser this calibration is 
valid for longer periods of time. This makes it possible to extend 
the averaging time to 48 h (see Methods), leading to an uncertainty 
of 17 ×  10−16 associated with the measurement time. With system-
atic uncertainties of the Sr and Cs clocks of 2.6 ×  10−16 and 3 ×  10−16 
respectively (see Table 1, Methods and ref. 23), the frequency of 
the Sr lattice clock at LSM was measured by the fountain clock at 
INRIM with an uncertainty of 18 ×  10−16 (see Fig. 1).

As noted earlier, an initial frequency comparison at a common 
gravity potential is required to transform a general frequency mea-
surement or clock comparison into a chronometric levelling mea-
surement. For this reason, the Sr apparatus was moved to INRIM in 
April 2016 for local clock comparisons. There, it was directly linked 
to the INRIM frequency comb. In the process, small upgrades 
were made to the set-up for the cooling light distribution and the 
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Fig. 1 | Schematic representation of the measurement campaign. a, For chronometric levelling, the transportable 87Sr optical lattice clock was placed in 
the LSM underground laboratory close to the France–Italy border in the Fréjus tunnel (top left). The clock was connected by a noise-compensated fibre 
link (length 150!km) to the Italian national metrology institute INRIM in Torino (red line). There, a primary Cs fountain clock and a 171Yb optical lattice 
clock were operated (right). At both sites, frequency combs were used to relate the frequencies of the 1S0–3P0 optical clock transitions and the 1.5!µ m laser 
radiation transmitted through the link. After the remote frequency comparison, the transportable clock was moved to INRIM for a side-by-side frequency 
ratio measurement. b, Frequency of the transportable Sr clock as seen by the INRIM Cs fountain clock (black circles, uncertainties are one standard 
deviation of the combined uncertainties). The potential difference Δ U is based on the geodetic measurement. The red line shows the expected variation of 
the Sr clock transition frequency due to the relativistic redshift. c, The potential difference between LSM and INRIM was also determined independently by 
a combination of GNSS (global navigation satellite system), spirit levelling and gravimetric geoid modelling (see Methods).

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

NATURE PHYSICS | www.nature.com/naturephysics

J.Gro>	et	al.,	Nature	Physics	1	(2018).	doi:
10.1038/s41567-017-0042-3

Geodesy with a transportable optical clock

• Height	difference	∼	1	km	⇒	

Gravita/onal	redshic	∼	10−13		

• rela/vis/c	redshic	of	47.92(83)	Hz		

• gravity	poten/al	difference	is							
10	034(174)	m2s-2		

• Consistent	with	geode/c	
measurements

A	transportable	op/cal	clock	is	moved	from	Laboratoire	Souterrain	de	Modane	(French	Alps)	to	INRIM,	and	compare	to	
sta/c	clocks	operated	@INRIM	through	~150	km	fiber	link
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(a) Without clock data.

(b) With clock data.

Figure 9: Accuracy of the disturbing potential T reconstruction on a regular 10-km step grid in
Massif Central, obtained by comparing the reference model and the reconstructed one. In Figure (a),
the estimation is realized from the 4374 gravimetric data dg only, and in Figure (b) by adding 33
potential data T to the gravity data.

(a) Without clock data.

(b) With clock data.

Figure 10: Accuracy of the disturbing potential T reconstruction on a regular 10-km step grid in
Massif Central, obtained by comparing the reference model and the reconstructed one. In Figure (a),
the estimation is realized from the 4959 gravimetric data dg only, and in Figure (b) by adding 32
potential data T to the gravity data.

10

see also :

T. E. Mehlstäubler et al., Atomic clocks for geodesy. Rep. Progress in 
Physics 81, 064401 (2018).


Chronometric geodesy for high resolution geopotential 
• SYRTE/Obs.Paris,	LAREG/IGN	and	LKB	collab.	

• Goals	:		

• evalua/ng	the	contribu/on	of	op/cal	clocks	for	the	
determina/on	of	the	geopoten/al	at	high	spa/al	
resolu/on	

• Find	the	best	loca/ons	to	put	op/cal	clocks	to	
improve	the	determina/on	of	the	geopoten/al	

• Adding	~30	clocks	are	sufficient	to	obtain	cen/meter-
level	standard	devia/ons	and	1-2	order	of	magnitude		
improvements	in	the	bias.	

• Clocks	can	also	contribute	to	the	unifica/on	of	height	
systems	realiza/ons	

G.	Lion	et	al.,	J	Geod	115	(2017)
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1129	km	link

Submarine links
• Not	possible	to	by-pass	uni-direc/onal	submarine	amplifiers	:	bi-direc/onal	links	are	probably	not	doable!	

• Link	accuracy	limited	to	~10-17	

• Propaga/on	noise	is	much	smaller

S.-C.	Ebenhag,	et	al.	in	Proc.	43rd	PTTI	431–442	(2011) C.Cliva/	et	al.,	Op/ca	5,	893	(2018)

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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Fig. 4. Frequency instability of the submarine fiber over 24 h (black,
squares). Also shown is the instability of the short link composed of the
2 × 25 m patch cords connecting our apparatus to the submarine cables
(red circles).
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• First	measurement	of	submarine	cables	in	the	
op/cal	domain,		

• ~100	km	submarine	cable	in	Italy	

• HV	cable	bundled	to	the	fiber	cause	excess	of	
noise	at	high	Fourier	frequency	

Passive	ethernet	frame	listening	between	SP	(Sweden)	and	MIKES	(Finland)
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CLONETS : towards Research Infrastructures

SYRTE-LKB
@780nm

Over internet network

With Regeneration

Frequency Brillouin
Amplifier

FBA Regeneration

Two-Way

Towards a large research 
infrastructure ?

RENATER, CESNET, 
PSNC, GARR

JISC/JANET, DFN, 
SURFNET, 

NORDUNET…

At horizon 2020 :
8000 km

NRENs can play a major role !
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• Work	with	Network	for	Educa/on	and	Research	Industry	to	
make	the	technology	available	

• Ways	to	access	the	network	
• Compa/bility	with	TelCo

Surveys and reviews

Current work

CLONETS : a paper study (Coordination and support action)
16 partners from 3 areas

• 2	surveys,	1	market	study	:	research	infrastructures,	industry,	
society…	

• Technology	reviews		
• T/F	service	parallel	to	data	traffic	
• Guide	for	best	prac/ce	
• Emerging	technologies

• Overall	vision	
• Strategic	roadmaps		
• Technology	roadmaps
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An EU-backbone to be designed
https://www.clonets.eu/
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An EU-backbone to be designed
https://www.clonets.eu/

We are open for discussions !
Infra-dev call in preparation
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Outlook
Fiber links : a new technology for T/F transfer, capabilities beyond GNSS 
solutions : 1e-15@1s to 1e-19@1day; Optical metrological networks: 
REFIMEVE, LIFT 

Next challenges and open questions:

Fiber network as a distributed sensor ?

Submarine links for transcontinental comparisons ?

Accurate time transfer

Chronometric leveling : proof of concepts, consistent with other methods

Towards EU research infrastructure, building a clock service
https://www.clonets.eu/

https://www.refimeve.fr

https://www.refimeve.fr
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Thank for your attention !

Special thanks for :
Philip Tuckey, PI CLONETS

Pacôme Delva (geodesy expert@SYRTE)

collaboration SYRTE-LPL-RENATER :
Olivier Lopez,  Anne Amy-Klein, Christian Chardonnet (LPL)
Emilie Camisard, Nicolas Quintin, Laurent Gydé (RENATER)


