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1 Introduction

The technique of phase-compensated optical fiber link 
[1–5] has developed rapidly over the last decade and has 
enabled the transfer and comparison of optical frequen-
cies over continental-scale distances of more than 1000 km 
[6–9]. Optical fiber-based clock frequency comparison is 
not only useful for time–frequency metrology, but can also 
provide a powerful experimental tool in many applications, 
such as test of variation of fundamental constants [10], rel-
ativistic geodesy [6], and dark matter search [11].

Optical frequency transfer by the active noise cancel-
lation (ANC) method [1, 12] has a wide range of applica-
tions, including remote high-resolution and high-accuracy 
spectroscopy [13–15], very long baseline interferometry 
[16], and remote narrow-linewidth light sources [2, 14, 17]. 
However, if only a comparison of the optical frequencies 
is required, the recently proposed two-way method [18–20] 
offers a good alternative with the advantage of simplified 
experimental apparatus without active components. In this 
method, the fiber noise is eliminated from the frequency 
comparison signal by post-processing of the data that were 
obtained synchronously at both sites in the same way as in 
the two-way satellite time and frequency transfer technique 
[21].

The optical two-way time and frequency transfer tech-
nique was introduced in [22] over a 2-km-long free space 
link via two-way exchange between frequency combs 
using time-of-flight measurements. The two-way optical 
phase comparison technique using a fiber network was first 
introduced in [18], in which a Sagnac interferometer con-
figuration was used to compare ultra-stable lasers through 
a 47-km-long fiber link. This method was further investi-
gated in [19, 20] via a novel local two-way (LTW) com-
parison scheme, in which the fiber noise can be suppressed 
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in real time, by using measurements from one link end only 
that were performed at either the local site or the remote 
site. After the method was initially introduced with a uni-
directional configuration that used a pair of parallel fibers 
over an urban network [19], it was subsequently presented 
using a fully bi-directional configuration over a 25-km-long 
fiber spool [20]. The LTW method has several advantages 
when compared with the conventional two-way (CTW) 
method. First, because only local measurement data are 
used, there is no need for synchronization of the measure-
ments between the local site and the remote site to remove 
the fiber noise, and real-time frequency comparison is thus 
possible. Second, the results of the two LTW measure-
ments (one performed at the local site and the other at the 
remote site) can be compared and cross-checked in post-
processing, and a CTW observable can then be formed. 
This method allows us to perform several self-consistency 
checks on the signals that are provided by redundant detec-
tion, which enable the diagnosis of cycle-slips and the dis-
crimination of their origin. Note that the results that were 
reported in [18–20] were from proof-of-principle experi-
ments in which both fiber ends were located at the same 
laboratory (i.e., the local site and the remote site were the 
same place), and the two laser sources to be compared were 
actually the same laser.

In this report, we present our experimental work on a 
2 × 43 km fiber link that connects SYRTE (Système de 
Références Temps-Espace) to LPL (Laboratoire de Phy-
sique des Lasers) through a dedicated fiber pair over an 
urban area. In the perspective of the forthcoming optical 
clock comparison that is to be accomplished between the 
National Physical Laboratory (NPL) in the UK and SYRTE 
in France, we were seeking a robust scheme with ultimate 

stability and accuracy [23, 24]. With that purpose, we 
investigated a hybrid architecture that uses active compen-
sation on one of the fibers and uses a local two-way setup 
on the other fiber [25]. We report here, to the best of our 
knowledge, the first experimental results of optical fre-
quency comparison using the LTW scheme on an installed 
fiber network and in a realistic implementation. We investi-
gate the effects of ultra-stable laser instability on the fiber 
link noise floor using two independent laser sources for the 
LTW comparison. The limiting factors of the frequency 
comparison capability of the LTW scheme have been inves-
tigated rigorously, and their contributions to the relative 
frequency instabilities are presented and discussed. Finally, 
we discuss the accuracy of the frequency transfer and show 
that the hybrid setup allows optical clock comparison to the 
 10−20 level.

2  Schematic overview of experimental methods 
for optical frequency comparison

The experimental scheme that we implemented for opti-
cal frequency transfer and comparison is shown in Fig. 1. 
The experiments were performed using a pair of 43-km-
long dedicated fibers on an urban network [3, 26, 27] that 
links SYRTE and LPL, which are two laboratories located 
in the urban area of Paris. The two fibers are denoted by 
fiber-1 and fiber-2. On fiber-1, we built a regular setup that 
used active noise compensation (ANC) of the fiber noise. 
On fiber-2, we built the local two-way setup that was intro-
duced in [20]. We used two independent ultra-stable lasers 
that operated at 1.5 μm, with sub-Hz linewidths, and typi-
cal frequency drifts of approximately 1 Hz/s.

Fig. 1  Experimental scheme 
for simultaneous optical 
frequency transfer and com-
parison. PD photodiode, FM 
Faraday mirror, OC optical 
coupler, AOM acousto-optic 
modulator, PLL phase-locked 
loop, b-EDFA bi-directional 
erbium-doped fiber amplifier, 
PC polarization controller. The 
upper part in the green dashed 
box shows the ANC setup on 
fiber-1, and the lower part in the 
red dashed box shows the LTW 
setup on fiber-2. Ls represent 
the lengths of the fiber segments 
(which are shown with thick 
lines), and φs represent the opti-
cal phase of the laser beams at 
the filled circles
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For the ANC setup, we used a fiber interferometric 
setup. The light from Laser1 was split into two branches, 
and optical couplers were used to implement Michelson-
like interferometers. The interferometric setup at SYRTE 
was realized using spliced components and was placed in 
an aluminum box that was surrounded with thick thermal 
insulating foam. At the coupler output, we set up a fiber-
pigtailed acousto-optic modulator (AOM1) to provide feed-
back for noise compensation. The light was then injected 
into the long-haul dedicated fiber that connects the two lab-
oratories. The light at the remote end was frequency-shifted 
by AOM2 (which provided a constant shift) to distinguish 
the signal from spurious reflections, and part of this light 
was reflected back by a Faraday mirror (FM2). The fiber 
noise (φN1) was measured after a round trip using a photo-
diode (PD1) to detect the beat note between the round-trip 
signal and the light that was reflected by another Faraday 
mirror (FM1) at SYRTE. The beat signal was tracked and 
processed to provide active compensation of the fiber noise 
by acting on the carrier frequency of AOM1. The local 
optical phase (φ1) at FM1 is copied to the remote Faraday 
mirror (FM2) using this ANC setup, as described in the 
Appendix. These two points are shown in Fig. 1 as blue 
filled circles. For the local interferometric setup at SYRTE, 
the sensitivity of the differential optical phase to temper-
ature, as defined in [20], was measured to be 7 fs/K. The 
frequency transfer performance on this link was reported 
previously in [3, 26, 27].

To check the relative frequency stability and accuracy of 
the ANC setup, we cascaded the two 43-km fibers to form 
an 86-km-long fiber loop as described in [3, 26, 27]. The 
frequency of the beat-note signal between the local laser 
beam and the beam transmitted at the output of the 86-km 
long fiber was measured simultaneously using two dead-
time-free counters [28] (where one was Π-type and the 
other was Λ-type [29, 30]) with a gate time of 1 s. No cycle 
slip was observed in the frequency data throughout the total 
measurement time of 66 691 s. The fractional frequency 
instabilities of the ANC transfer method in terms of the 
Allan deviation [29, 30] are shown in Fig. 2. The uncom-
pensated 86 km fiber noise is also shown as a light gray 
solid line. The overlapping Allan deviation (ADEV) and 
the modified Allan deviation (MDEV) that were calculated 
from the Π-type counter data started from 1.4 × 10−15 at 
1 s and decreased with slopes of −1 and −3/2, respectively, 
which is as expected for white phase noise. The ADEV and 
the MDEV that were calculated from the Λ-type coun-
ter data started from 2.4 × 10−17 at 1 s and decreased 
to 1 × 10−20 and to 6 × 10−21 at 10,000 s, respectively. 
The MDEVs of the data that were recorded using the 
Π-type and Λ-type counters converged to the same value 
and showed good agreement. This limit is attributed 
to the phase variation that is related to the temperature 

fluctuations of the residual fiber-length mismatch in the 
interferometer [20]. The mean frequency offset from the 
expected frequency of the remote output was calculated 
using the total Λ-type counter data to be 8 × 10−21 with 
a statistical uncertainty of 1 × 10−20 (based on the long-
term overlapping ADEV at 10,000 s with Λ-data [31–33]). 
This result is consistent with the mean frequency offset of 
1.2 × 10−20 of the total Π-type counter data and its sta-
tistical error of 1.7 × 10−20 (which was calculated as the 
relative standard deviation divided by the number of con-
secutive data in this white phase noise case [19, 34]). This 
shows the reliability of this uncertainty value. Therefore, it 
can be concluded that the optical phase of the local laser 
has been transferred to the 86-km-long link output end with 
an accuracy of <2 × 10−20 using the ANC method and that 
no frequency bias was observed within the statistical uncer-
tainty of the data set.

We used the ANC setup (which is shown in the green 
dashed box in Fig. 1) to transfer the phase of Laser1 to 
the remote site, and used the transferred Laser1 beam as 
a remote laser that is to be compared with a second laser 
(Laser2) at local site by the LTW method. In the hybrid fre-
quency comparison setup shown in Fig. 1, part of the light 
that reached the remote site was extracted and was then re-
injected into the second fiber that connects the two labora-
tories. This second part of the setup is depicted in the lower 
part of Fig. 1. The LTW experimental setup only is shown 
and explained in Fig. 7 in the “Appendix”. On each side, an 
optical coupler was used to realize a strongly unbalanced 
Michelson interferometer and an AOM was used to apply 
a constant frequency shift to the laser light. A polarization 
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controller and Faraday mirrors were used so that the beat-
note signals on PD3 and PD4 were optimized. A bi-direc-
tional erbium-doped fiber amplifier (b-EDFA) was used at 
the remote site to compensate for the transmission loss of 
Laser1. As described in the Appendix and in [20], two sig-
nals were generated in each photodiode: one was the sig-
nal for the frequency difference between the local laser and 
the laser that was transmitted from the remote site, and the 
other was the signal for the fiber noise measurement. The 
fiber noise φN2 could be measured at the local PD4 using 
the round-trip signal of the local laser, if φN2 was assumed 
to be the same in both uplink and downlink transmission. 
Alternatively, φN2 could also be measured at the remote 
PD3 using the round-trip signal of the remote laser in a 
similar way. A more detailed description of the signal pro-
cessing is given in the next section.

The real local measurement (LM) of the frequency dif-
ference between the two lasers was performed using a pho-
todiode (PD5) at the local site for the comparison with the 
LTW measurement results.

When the CTW method is used, the fiber noise φN2 is 
not measured but is eliminated from the frequency differ-
ence signal using a combination of the two beat-note sig-
nals that are recorded at each of the end sites on both local 
PD4 and remote PD3. Because φN2 is assumed to be the 
same in the two signals from PD3 and PD4, it can then be 
eliminated by post-processing the two measurement data 
sets. The local data and the remote data should be meas-
ured synchronously [18]. Unlike the CTW method, the 
LTW method uses only the local measurement data, and 
thus there is no need for data exchange between the local 
and remote sites for post-processing or for synchronization 
of the data acquisition timing. However, the noise rejection 
can be up to four times lower in the power spectral density 
in the LTW method because it is limited by the propaga-
tion time, which is twice as long for the round-trip signal 
when compared with that for the CTW method [20]. In 
addition, the LTW method is more sensitive to fiber attenu-
ation because it requires round-trip propagation in the same 
fiber, whereas the CTW method only requires one-way 
propagation.

To compare independent laser sources at the remote site, 
we used one of the fibers to transfer the ultra-stable laser 
light from SYRTE to LPL using the ANC setup as shown 
in Fig. 1, and we used the LTW setup to inject a second 
independent ultra-stable laser in the second fiber. In this 
way, we used the second fiber to perform the LTW com-
parison between two independent ultra-stable lasers. We 
also performed a second series of experiments using only 
one ultra-stable laser. In that case, the instabilities aris-
ing from the ultra-stable laser frequency fluctuations were 
largely rejected, and the interferometric noise could thus be 

studied with deeper insights. All frequencies were recorded 
using dead-time-free frequency counters [28].

Note that this hybrid configuration not only allows us to 
study the performance of the LTW scheme, but also offers 
a very convenient way to transfer an ultra-stable laser sig-
nal to the remote site with real-time evaluation of both the 
transfer accuracy and the stability thanks to the LTW sig-
nal at the remote site. Moreover, this performance can be 
checked further using the LTW signal at the local site and 
the CTW method, thus demonstrating that this hybrid fiber 
link design provides a highly reliable frequency transfer 
technique.

3  Local two‑way experiments

The LTW measurement at the local site was performed 
using the two signals on PD4: φPD4A = (φL1 + φN2)− φL2 
is a measure of the fiber noise-uncompensated phase differ-
ence between the two laser beams (with respective phases 
given by φL1 and φL2), and φPD4B = 2φN2 is a measure of 
the round-trip fiber noise (see the “Appendix”). We used 
a heterodyne detection technique to generate all the sig-
nals on a single photodiode. We engineered the frequency 
map to ensure that the signals were sufficiently far apart 
to be filtered and separated easily. Each filtered signal was 
amplified and tracked using a tracking oscillator with a typ-
ical bandwidth of 100 kHz. The compensated LTW phase 
difference, φ

local

LTW
, that was measured at the local site is given 

by [20] 

It should be noted that φ
local

LTW
 is measured only using the 

local measurements taken by PD4.
Similarly, the LTW measurement is also possible at 

the remote site by using the two corresponding signals on 
PD3, which are given by φPD3A = (φL2 + φN2)− φL1 and 
φPD3B = 2φN2. The compensated LTW phase difference 
that was measured at the remote site, φremote

LTW
, is given by

Meanwhile, a CTW measurement is also possible using 
this setup. The compensated CTW phase difference φCTW 
is given by

In Eq. 3, it should be noted that measurement of φCTW 
requires that the data sets that are measured at both the 
local and remote sites be synchronized [18].

(1)φlocal
LTW = φPD4A −

φPD4B

2
= φL1 − φL2.

(2)φremote
LTW = φPD3A −

φPD3B

2
= φL2 − φL1.

(3)φCTW =
φPD4A − φPD3A

2
= φL1 − φL2
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To test the performance of the LTW method, the result 
of the φ

local

LTW
 measurement was compared with the real 

local measurement φLM using the frequency data that 
were obtained simultaneously using a Π-type counter and 
a Λ-type counter with a gate time of 1 s. The real local 
measurement is given by φLM = φ′1 − φ′2, where φ′1 (φ′2) 
is the phase of Laser1 (Laser2) at PD5. The phase differ-
ence φ

local

LTW
− φLM should be zero in the limit of perfect 

fiber noise rejection and a perfect experimental setup. The 
fiber noise rejection is limited by the propagation delay 
that induces a small difference between the forward and 
backward propagation noise [12, 20]. Other effects, such 
as the Sagnac effect or the polarization effects, can also 
limit the fiber noise rejection performance, which is effec-
tive only for fluctuations that are equal for both forward 
and backward propagation. The measured phase evolution 
of φ

local

LTW
− φLM in 100,000 s is shown in Fig. 3a as a thick 

black line. This phase evolution is attributed to three major 
sources, which are described in detail below.

When using the ANC setup, it can easily be shown that 
any linear laser drift will be corrected by the action of the 
phase-locked loop (PLL) and thus the transferred remote 
phase directly copies the local phase φ1 as if there was 
no propagation delay (see the Appendix). However, in the 
LTW case, the drift of the frequency difference between 
the two laser beams affects the phase of φ

local

LTW
− φLM 

because of the time delay τ of light propagation between 
the local site and the remote site. From the derivation 
shown in the Appendix, the first component of the phase 
evolution of φ

local

LTW
− φLM due to the drift of the frequency 

difference is given by:

where ν1(t) and ν2(t) are the frequencies of Laser1 and 
Laser2, respectively, at the entrance of the local interfer-
ometer at time t. t0 is the instant at which the phase meas-
urement started.

(4)φdrift = −2π τ [(ν1(t)− ν2(t))− (ν1(t0)− ν2(t0))],

Fig. 3  a Phase evolutions of 
the local two-way comparison 
and of the three major phase 
error sources. φ

local

LTW
− φLM is 

the phase difference between 
the local two-way measurement 
and the real local measurement, 
φdrift is the phase evolution 
due to the drift of the fre-
quency difference, φlocal is the 
phase evolution caused by the 
length mismatch in the local 
interferometer, φremote is the 
phase evolution related to the 
length mismatch in the remote 
interferometer, and φresidual = 
φ

local

LTW
− φLM − φdrift − φlocal − 

φremote. b Fractional frequency 
instability of φ

local

LTW
− φLM in 

terms of the Allan deviation, c 
the MDEVs of the three major 
phase error sources. Independ-
ent lasers were used at both 
sites in cases of a–c. Parts d–f 
show results corresponding to 
each case of a–c, respectively, 
in the case where the same laser 
was used at both sites
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The second component of the phase evolution of 
φ

local

LTW
− φLM is caused by the length mismatch δLlocal = (L14  

+ L16 − L15) + (L11 + L12 − L13) in the local interferom-
eter and is given by

where γ is a phase-temperature coefficient of the silica 
fiber, which has a value of 37 fs/(K·m) for an optical carrier 
at 194.4 THz and at 298 K [20], and Tlocal(t) is the temper-
ature of the local interferometer. This contribution is can-
celled out if L13 = L11 + L12 (which leads to φ′1 = φ1) and 
L15 = L14 + L16. Similarly, the last component of the phase 
evolution of φ

local

LTW
− φLM is related to the length mismatch 

δLremote = L22 − L21 − L23 in the remote interferometer and 
is given by

where Tremote(t) is the temperature of the remote inter-
ferometer. This contribution is cancelled out when 
L22 = L21 + L23. In the case of a common laser phase 
(φL1 = φL2), it would result in φ1 = φ2 where φ2 is the 
phase of Laser2 on FM3 (see Fig. 1).

φdrift is shown in Fig. 3a as a thin orange line and was 
determined using Eq. (4) and the frequency data from the 
real local measurement on PD5. The temperature data were 
measured simultaneously at 5 s intervals at both the local 
interferometer box and the remote interferometer box. A 
time delay is expected between the measured temperature 
and the real temperature of the fiber interferometer because 
of the heat transfer time. These time delays were obtained 
using a correlation analysis between the phase evolution 
and the temperature measurements, yielding 2300 s for 
the local interferometer and 105 s for the remote inter-
ferometer. The temperature measurement data were then 
shifted by these delay times. δLlocal and δLremote were then 
determined to be 0.15 and 0.35 m, respectively, based on 
a multi-linear regression of the phase evolution using the 
local and remote temperature data as the independent vari-
ables. As a result, φlocal and φremote are shown in Fig. 3a as a 
thin green line and a thin blue line, respectively. Figure 3a 
shows that the phase evolution of φ

local

LTW
− φLM can be nicely 

explained as being the sum of the phase errors from these 
three major components (shown as the thick pink line).

The fractional frequency instabilities in terms of the 
Allan deviations in Fig. 3b were obtained using these 
phase evolution data. In Fig. 3c, a magnified view of the 
MDEV for φ

local

LTW
− φLM and the instability contributions of 

the three major phase error sources are also shown; φdrift is 
indicated by an orange line, φlocal is indicated by a green 
line, and φremote is indicated by a blue line. The ADEV and 
the MDEV that were calculated from the Π-type coun-
ter data started from 5 × 10−16 at 1 s and decreased with 
slopes of −1 and −3/2, respectively, which is as expected 

(5)φlocal = 2πν(δLlocal)γ [Tlocal(t)− Tlocal(t0)],

(6)φremote = 2πν(δLremote)γ [Tremote(t)− Tremote(t0)],

for white phase noise. The MDEV that was calculated from 
the Λ-type counter data started from 1.4 × 10−16 at 1 s 
and was limited by the contribution of φremote from 400 to 
2000 s (which was caused by the room temperature control 
at the remote site), and was then limited by the contribution 
of φdrift after 10,000 s, resulting in a minimum instability 
of 8 × 10−20 at 4000 s. The expected frequency instabil-
ity of the LTW measurement, when the three major phase 
error components are suppressed, can be calculated using 
the residual phase, which is given by

This result is shown as a purple dashed line and the 
ultimate instability would be 2 × 10−20 at 20,000 s with 
experimental optimization. The ultimate accuracy of the 
frequency comparison with experimental optimization was 
then estimated by calculating the mean value of the Λ-type 
frequency data of φresidual, giving a result of 6 × 10−21 
with a statistical uncertainty of 3 × 10−20 (based on the 
long-term overlapping ADEV at 20,000 s with the Λ-data 
[31–33]).

Next, we investigated the LTW optical frequency com-
parison scheme when using the same laser at both sites. 
This configuration provides an experimental simulation 
in which the drift of each laser is actively removed. φdrift 
is zero in this case, and the phase evolution is expected 
to be governed by the two remaining phase error sources. 
The measured phase evolution of φ

local

LTW
− φLM (shown as 

a thick black line), the estimated phase error due to φlocal 
(shown as a green line), the estimated phase error due to 
φremote (shown as a blue line), and the sum of the contri-
butions from the two major phase error sources (shown 
as a thick pink line) are presented in Fig. 3d. The overall 
phase evolution of φ

local

LTW
− φLM is explained by the sum of 

the two major phase error sources. φresidual is shown in the 
lower part of Fig. 3d and is well within 1 rad. The frac-
tional frequency instabilities of φ

local

LTW
− φLM and of the two 

major phase error sources are shown in Fig. 3e and Fig. 3f, 
respectively. The ADEV and the MDEV that were calcu-
lated from the Π-type counter data started from 4 × 10−16 
at 1 s and decreased with slopes of −1 and −3/2, respec-
tively, which is as expected for white phase noise. The 
MDEV that was calculated from the Λ-type counter data 
started from 5 × 10−17 at 1 s and was limited by the con-
tribution of φremote around 400 s (which was caused by 
the room temperature control at the remote site), result-
ing in a minimum instability of 2.4 × 10−20 at 10,000 s. 
The expected instability of φresidual (represented by a pur-
ple dashed line) indicates that the ultimate instability would 
be 1.2 × 10−20 at 10,000 s if two remaining major error 
sources were suppressed via fiber-length optimization. The 
ultimate accuracy of the frequency comparison with experi-
mental optimization was then estimated by calculating the 

(7)φresidual = φlocal
LTW − φLM − φdrift − φlocal − φremote
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mean value of the Λ-type frequency data of φresidual, giv-
ing a result of −4 × 10−21 with a statistical uncertainty of 
3 × 10−20 (based on the long-term overlapping ADEV at 
10,000 s with the Λ-data [31–33]).

4  LTW scheme with no remote length mismatch 
using a partial Faraday mirror

In this section, we implement a scheme that automatically 
suppresses the length mismatch at the remote site. The 
experimental setup that was used for the work in this sec-
tion is shown in Fig. 4. We inserted a partial Faraday mirror 
(p-FM) at the remote setup, which enabled perfect match-
ing of the fiber length in the remote interferometer. When 
the setup shown in Fig. 4 is compared with that shown in 
Fig. 1, the action of the p-FM is equivalent to overlapping 
of the two remote Faraday mirrors in Fig. 1. Thus, δLremote 
is zero in this case, and the phase evolution is expected to 
be given by the two remaining phase error sources, φdrift 
and φlocal.

In Fig. 5a, the measured phase evolution of φ
local

LTW
− φLM 

(shown as a thick black line), the estimated phase error 
due to φdrift (shown as an orange line), the estimated phase 
error due to φlocal (shown as a green line), and the sum of 
the contributions from the two major phase error sources 
(shown as a thick pink line) are presented. The phase evolu-
tion of φ

local

LTW
− φLM is again nicely explained as being the 

sum of the two major phase error sources, and it is free 
from remote temperature fluctuation in this case.

The fractional frequency instabilities of φ
local

LTW
− φLM 

and the two major phase error sources are shown in 
Fig. 5b, c, respectively. The ADEV and the MDEV that 

were calculated from the Π-type counter data started from 
5 × 10−16 at 1 s and decreased with slopes of −1 and −3/2, 
respectively, which is again as expected for white phase 
noise. The MDEV that was calculated from the Λ-type 
counter data started from 7 × 10−17 at 1 s and was limited 
by the contribution of φdrift after 2000 s, resulting in a mini-
mum instability of 6 × 10−20 at 2000 s. The expected insta-
bility of φresidual indicates that the ultimate instability would 
be 9 × 10−21 at 5000 s if the phase errors due to φdrift and 
φlocal were suppressed. The ultimate accuracy of the fre-
quency comparison with experimental optimization was 
then estimated by calculating the mean value of the Λ-type 
frequency data of φresidual, giving a result of 6 × 10−21 with 
a statistical uncertainty of 2 × 10−20 (based on the long-
term overlapping ADEV at 10,000 s with Λ-data [31–33]).

Next, the same laser was used at both sites with no fiber-
length mismatch at the remote interferometer to investigate 
the performance limits of the LTW method. Both φdrift and 
φremote were therefore zero in this case.

The measured phase evolution of φ
local

LTW
− φLM (shown as 

a thick black line) and the estimated phase error due to φlocal 
(shown as a green line) are shown in Fig. 5d. The result was 
free from the remote temperature fluctuation as indicated 
by the temperature data shown in Fig. 5f. The phase evolu-
tion that was caused by φlocal was less than 0.2 rad because 
the temperature variation of the local interferometer was 
relatively small. The phase evolution of φ

local

LTW
− φLM cannot 

be explained by φlocal, as shown in Fig. 5e, because φlocal is 
one order of magnitude below. This indicates that there are 
other small unknown residual phase error sources at this 
instability level of 1 × 10−20. This corresponds to a phase 
fluctuation signature that is also present in the error signal 
(Fig. 5d). This could be attributed to limited rejection of the 

Fig. 4  Experimental setup with 
no fiber-length-mismatch at 
the remote site. p-FM partial 
Faraday mirror, PD photodi-
ode, OC optical coupler, AOM 
acousto-optic modulator, PLL 
phase-locked loop, b-EDFA 
bi-directional erbium-doped 
fiber amplifier, PC polariza-
tion controller. The upper part 
shows the ANC setup on fiber-1, 
and the lower part shows the 
LTW setup on fiber-2 = ′1 − ′2

1

2

1

1′1

′2
2
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laser drift or the fiber noise that is possibly caused by non-
reciprocal fiber noise, e.g., as a result of power or polariza-
tion effects, which is not cancelled by the ANC method or 
the two-way setup, or by the instabilities of the electronic 
detection setup. Further investigation is required to deter-
mine the physical effects that are at work at this very low 
level of instability.

The fractional frequency instabilities of both 
φ

local

LTW
− φLM and the estimated phase error due to φlocal are 

shown in Fig. 5e. The ADEV and the MDEV that were 
calculated from the Π-type counter data started from 
6 × 10−16 at 1 s and decreased with slopes of −1 and −3/2, 
respectively, which is as expected for white phase noise. 
The MDEV that was calculated from the Λ-type counter 
data started from 1 × 10−16 at 1 s, resulting in a minimum 
instability of 3 × 10−20 at 4000 s. Although the local tem-
perature measurement had actually stopped at 8200 s, it 
can be seen that there was no bump due to the room tem-
perature effects on the length mismatch at the remote site 

in Fig. 5e, as compared to that shown in Fig. 3e, f. The 
tiny bump around 500 s in Fig. 5e results from the residual 
phase fluctuations that were discussed above. It is expected 
that an instability level of 1 × 10−20 would be possible with 
a longer integration time. The accuracy of the frequency 
comparison was estimated by calculating the mean value of 
the Λ-type frequency data of φ

local

LTW
− φLM, giving a result of 

2 × 10−20 with a statistical uncertainty of 6 × 10−20 (based 
on the long-term overlapping ADEV at 4000 s using the 
Λ-data [31–33]). It should be noted that this relatively large 
uncertainty was a result of the short averaging time.

Finally, we introduce one more useful information that 
can be derived using the hybrid fiber link that has been 
demonstrated in this article: the expected performance of 
a uni-directional two-way link [19], in which two separate 
fibers are used for the uplink and the downlink, can be esti-
mated, with results as shown in Fig. 6. This was obtained 
by comparing the fiber noise in fiber-1 with the ANC setup 
with that in fiber-2 with the LTW setup. The results show 

Fig. 5  a Phase evolutions of 
the local two-way comparison 
and of the two major phase 
error sources when there is 
no fiber-length-mismatch at 
the remote site (φremote = 0). 
φ

local

LTW
− φLM is the phase differ-

ence between the local two-way 
measurement and the real local 
measurement, φdrift is the phase 
evolution due to the drift of the 
frequency difference, φlocal is 
the phase evolution caused by 
the length mismatch in the local 
interferometer, and φresidual = 
φ

local

LTW
− φLM − φdrift − φlocal − 

φremote. b Fractional frequency 
instability of φ

local

LTW
− φLM in 

terms of the Allan deviation, c 
the MDEVs of the two major 
phase error sources. Independ-
ent lasers were used at both 
sites in case of a–c. d and e 
correspond to the cases of a and 
b, respectively, in the case in 
which the same laser was used 
at both sites and φremote = 0. f 
Temperature data of the local 
interferometer and the remote 
interferometer in the case of d 
and e

-50

-40

-30

-20

-10

0

0 10000 20000 30000 40000
-3
0
3

(a)

P
ha

se
 (r

ad
)

φlocal

φdrift+φlocal

φdrift

φLTW - φLM
local

φresidual

Time (s)

1 10 100 1000 10000

10-19

10-18

10-17

10-16

10-15

10-14
A

lla
n 

D
ev

ia
tio

n

Integration Time (s)

(b)

 one-way fiber noise
Π-ADEV
Π-MDEV
Λ-MDEV 

localφLTW - φLM

0 10000 20000
-2

-1

0

1

2

φlocal

(d)

Ph
as

e 
(ra

d)

Time (s)

φLTW - φLM
local

10 100 1000 10000

10-20

10-19

10-18

φdriftA
lla

n 
D

ev
ia

tio
n

Integration Time (s)

(c)

φlocal φresidual

: (Λ−MDEV)localφLTW - φLM

1 10 100 1000
10-21

10-20

10-19

10-18

10-17

10-16

10-15

10-14

φlocal

A
lla

n 
D

ev
ia

tio
n

Integration Time (s)

(e)

 one-way fiber noise
Π-ADEV
Π-MDEV
Λ-MDEV 

φlocalφLTW - φLM

0 10000 20000

23.0

23.5

(f)

Te
m

pe
ra

tu
re

 (
o C)

Time (s)

27.0

27.5

Tlocal(t)

Tremote(t)



Hybrid fiber links for accurate optical frequency comparison

1 3

Page 9 of 11 161

that a frequency comparison at a level of 7 × 10−18 at 
10,000 s would be possible when using uni-directional two-
way measurements. The accuracy of the frequency com-
parison was estimated using the Λ-type frequency data, and 
was found to be 1.0 × 10−17 with a statistical uncertainty 
of 1.8 × 10−17. This result agrees well with the experimen-
tal data reported in [19]. Interestingly, it shows that atomic 

fountains can be compared in real time with such a link 
configuration at mid-range. This offers a convenient option 
when bi-directional propagation is not available, or when a 
trade-off must be made between performance and cost.

5  Conclusions

We have presented experimental results for a local two-way 
optical frequency comparison over a 43-km-long urban 
fiber network using two independent lasers at each of the 
local and remote sites. The local two-way method does 
not require synchronization between the remote and local 
instruments because all required data are obtained locally. 
Even real-time processing may be possible by using RF 
devices such as tracking oscillators and frequency mix-
ers for the operations of summation and division that are 
required to obtain the local two-way result of Eq. 1. Three 
limiting factors for the LTW comparison scheme (compris-
ing the drift of the frequency difference between the two 
lasers, and the length mismatches in both the local inter-
ferometer and the remote interferometer) have been inves-
tigated, and we showed that a fractional frequency instabil-
ity level of  10−20 at approximately 10,000 s was possible 
when using the LTW method. It should be noted that this 
is the first time that the laser instability contribution has 
been demonstrated experimentally. The suppression of the 
laser drift will be of importance for future optical clock 
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fiber amplifier, PC polarization controller. Three optical signals that 
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comparisons with longer propagation delay. We also intro-
duced a simple LTW scheme with no length mismatch at 
the remote site using a partial Faraday mirror. We have 
showed that the proposed hybrid scheme can provide very 
useful information on the fundamental limits of optical 
fiber links, and therefore enhance the transfer capabilities 
and the self-diagnosis abilities.
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Appendix

We first show that the remote frequency is equal to the 
local laser frequency at the same time, with no delay, 
because of the ANC scheme. For simplicity, we sup-
pose that the fiber noise is negligible. Assume that νrem(t) 
and νL1(t) are the frequencies of the remote laser and the 
local laser, respectively, at the entrance of their respec-
tive interferometers at time t. τ is the light propagation 
delay between the local site and the remote site. In that 
case, the phase at the remote end of fiber-1 is φremote(t) 
= φL1(t − τ) + φC(t − τ), where φC(t − τ) is the correc-
tion that is applied at link input end. For ergodic and sta-
tionary processes, this correction is given by φL1(t) − (
φL1(t − 2τ) + φC(t − 2τ) + φC(t)) = 0. In a first order 
approximation, we have φC(t − 2τ) + φC(t) = 2φC(t − τ ).  
This gives the results that φremote(t) = φL1(t − τ) − (1/2)
(φL1(t − 2τ) − φL1(t)) = φL1(t) for the first order. Therefore, 
we have νrem(t − τ) = ν1(t − τ); in the first order approxi-
mation, the laser drift is corrected by the PLL.

Next, we explain the optical signals that enter the photo-
diodes and the RF output spectra of the photodiodes in the 
LTW setup. The experimental setup for the LTW scheme 
only is shown in Fig. 7. Assume that the frequencies of 

AOM3 and AOM4 in Fig. 7 are f3 and f4, respectively. The 
photodiode PD4 receives three main optical signals. One 
of them is from the remote laser and two of them from the 
local laser, either directly from the laser source or after a 
round-trip to the remote site (with reflection on FM3). Their 
frequencies are given by νrem(t−τ)+ f3 + f4 + φ̇N2/2π , 
ν2(t), and ν2(t − 2τ)+ 2f3 + 2f4 + 2φ̇N2/2π, respec-
tively, where φ̇N2 is the derivative of the fiber phase 
noise. The two LTW signals on PD4 are the fiber noise-
uncompensated phase difference between the two lasers, 
which is the standard two-way signal, and the round-trip 
fiber noise. The frequency of the first signal is given by 
νPD4A = −ν2(t)+

[

νrem(t − τ)+ f3 + f4 + φ̇N2/2π
]

, 
while that of the second signal is given by 
νPD4B = −ν2(t)+

[

ν2(t − 2τ)+ 2f3 + 2f4 + 2φ̇N2/2π
]

.
Finally, we derive Eq. (4), which describes the 

phase error in the LTW experiment due to the drift 
of the frequency difference between the two lasers. 
An approximate expression for the LTW signal fre-
quency can be given based on the Taylor expansion 
ν(t − aτ) = ν(t)− aτ dν(t)

dt
+

(at)2

2

d2ν(t)

dt2
+ O(τ 3).

Because dν(t)
dt

 and d2ν(t)

dt2
 are in the order of 1 Hz/s  

and 1 Hz/s2, and τ is approximately 2 × 10−4 s for the  
43-km-long fiber link, the third term in Eq. (8) can be  
neglected. The first term is cancelled when φLTW

local is compared  

with φLM. Therefore,φdrift = 2π
∫

τ

[

dν2(t)
dt

−
dν1(t)
dt

]

dt 

 = 2πτ [(ν2(t)− ν1(t))− (ν2(t0)− ν1(t0))] .
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