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Abstract: Fundamental limits of fiber link are set by non-reciprocal effects that violate the
hypothesis of equality between forward and backward path. Non-reciprocal noise arises technically
from the set-up asymmetry, and fundamentally by the Sagnac effect when the fiber link encloses a
non-zero area. As a pre-requisite for observation of Sagnac effect in fiber links, we present a study
on phase noise and frequency stability contributions affecting coherent optical frequency transfer
in bi-directional fiber links. Both technical and fundamental limitations of Two-Way optical
frequency transfer are discussed. Our model predicts and our experiments substantially verify
that the dominant noise mechanism at low Fourier frequencies is the polarization asymmetry
induced by the temperature and relative humidity variations impacted on fiber links. The
flicker noise floor due to the non-reciprocal noise arising from polarization mode dispersion
is evidenced for the first time. We perform a post-processing approach which enables us to
remove this polarization noise, improve the long-term stability and remove a frequency bias. We
evaluate the uncertainty contributions of all the effects discussed for our 50 km spooled fiber link,
dominated by its non-reciprocal noise induced by polarization mode dispersion with uncertainty
of 1.9(£0.8)(+ 1.2) x 10729, After correction, the linear drift of the residual phase is as low
as 27 yoctosecond/s, leading to an uncertainty of the frequency transfer of 2.6 (+39) x 10722,
confirming its potential for searching for more fundamental effects such as Sagnac effect or
transient frequency variation due to dark matter.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optical fiber links play an important role in today global efforts towards a redefinition of the
International System of Units (SI) second and coordination of international atomic time. Using
a specialized optical frequency transfer system over optical fiber that compensated actively for
the propagation delay fluctuations [1], people were able to compare the frequencies of their
atomic clocks located in the National Metrological Institutes all around the world [2-8]. With the
development of ultra-accurate atomic clocks with instability of 2 x 1071%(z/s)~!/2 for averaging
time 7 [9], and even lower instability of 4.8 x 1077(z/ s)~12 101, highly stable fiber links become
increasingly important to make full use of the clock stability.

Fiber links operated in the optical frequency domain use an ultra-stable laser as a frequency
signal. This signal is degraded by the propagation delay fluctuations, induced by thermal and
mechanical perturbations that act on the fiber optical length, that is both on the physical length
and the fiber refraction index. Although some actively or passively compensation techniques
have been adopted to suppress these environmentally-induced optical phase noise [11-13], a fine
understanding of the phase noise contributions will improve the use of fiber links and may widen
its field of applications, such as study of Sagnac effect [14], search for dark matter [15—17] and
quantum key distribution (QKD) [7].
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In 2007-2008, a similar study on the performance limitations for optical frequency transport
through long optical fiber links was performed, including measurement-related effects such
as phase noise on the source, RF electronics, and receiver/transmitter interferometers, as well
as link-related effects such as delay, non-linear effects, and polarization-mode dispersion [11].
The delay non-suppressed noise, which is a fundamental limit, dominates for high frequencies.
Moreover, the fluctuations of the reference arms of the Michelson interferometer ensemble leads
to so-called interferometer noise and bias, as the optical length of the reference arms varies with
temperature fluctuations. The interferometer noise thus dominates for lower frequencies and
usually varies as 1/f2. More recently, the interferometer noise was measured directly, but was
found to vary as 1/f> instead of 1/f2 [18,19]. This interferometer noise was largely rejected by
post data-processing for in-field implementation, resulting in long-term instability improvement
to 10721 [19].

The perfect noise cancellation of bidirectional fiber experiments is based on the assumption
that the forward and backward signals transferred on the fiber are exactly the same. For given
identical polarization, power and frequency, light travels into non dispersive media reciprocally
by law of reverse path of light. In practice, these assumptions are violated as the frequencies
and powers are slightly different, the polarizations are crossed, and the fiber is birefringent. So
beyond the limit set by the finite velocity of light, fundamental limits of fiber link are set by
non-reciprocal effects. Non-reciprocal noise arises technically from the set-up asymmetry (either
power, polarization or frequency), and fundamentally by the Sagnac effect when the fiber link
encloses a non-zero area. We develop in this paper the theoretical analysis for the fundamental
limits for fiber-based frequency transfer and optical clock comparison, and evaluate how much
the performance of a fiber link is degraded by the path, frequency, wavelength and polarization
asymmetry for the forward and backward signal transmitted on the optical fiber. We will discuss
these asymmetries in details and report their limiting levels. Especially, the effect due to the
fiber’s birefringence, that alters the optical delay as a function of the polarization, is difficult
to assess due to its small magnitude in the in-field telecommunication fiber network. A study
recently reported experimental data using dual-polarization detection techniques that evidenced
the dependency of the delay with the input polarization state of the reference laser field [7]. Here,
we establish a simple yet powerful platform with fiber spools, so that the laser-field polarization
rotation in the propagation media is strengthen by the mechanical constraints applied on the
fiber. We demonstrate that, for the first time, the polarization mode dispersion, which induces
non-reciprocal delay, dominates the residual phase fluctuations at lower frequencies when the
interferometer noises are actively minimized.

2. Experimental setup

Our setup of two-way optical frequency comparison is shown on Fig. 1. It is installed in two
different labs connected by a 200 m duplex fiber. We used one pair of ~25 km optical spooled
fibers in Lab2 that are connected as a loop, such that the local portion and remote portion of the
setup are both located in Labl. In Labl, the ultra-stable optical frequency source at 1542 nm is
split and fed into the fiber loop in each direction, while the remaining radiations served as local
references. We used four Acousto-Optic Modulators (AOMs) to distinguish the signals coming
from the stray reflections and distinguish the beat notes carrying on different segments of fiber
noise. Two bi-directional Erbium-Doped Fiber Amplifiers (bi-EDFAs) are used to compensate the
transmission loss without degrading the link performance [20]. At each direction, a coupler and a
Faraday Mirror (FM) are used to build a strongly unbalanced Michelson interferometer to detect
the beat notes which carry on the fiber noise [21]. The interferometer ensemble is a two-branch
Michelson interferometer with a length mismatch of 0.15 m. The interferometer ensemble is
described in details in Ref. [18]. In this present experiment, the interferometer ensemble is
actively stabilized in temperature with a proportional-integral servo loop. The temperature of the
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ensemble is measured with two probes out of loop and show residual fluctuations of <10 mK over
30days. A Polarization Controller (PC) is used to optimize the amplitudes of the beat notes. All
the beat notes detected on photodiodes (PD1 and PD2) are then filtered, tracked, simultaneously
recorded by a dead-time free frequency counter operated in II-type and A-type with 1 s gate
time. Temperature in Labl and Lab2, as well as the temperature of the interferometer ensemble,
are sensed with 10 kOhm thermal resistances. Humidity in Lab1 and Lab2 are sensed with a
humidity sensor HTM2500LF. The data are logged with a datalogger every 10s.

(Lab o ELE | (Lab2 bi-EDFA 37];“{2
F1:25 km ol AOM2
E

Laser
+37MHz
1

—

F2:25 km N
AOM3
®'PD 2 bi-EDFA

Fig. 1. Experiment setup. AOM, acousto-optic modulator; PD, photodiode; bi-EDFA,
bi-directional erbium-doped fiber amplifier; p-FM, partial Faraday mirror; PC, polarization
controller.

In this implementation, the optical signals propagating from fiber 1 (F1) to fiber 2 (F2) and
from F2 to F1 are denoted with subscript 1 + 2 and 2 + 1. By using a partial Faraday Mirror
(p-FM) in the middle of the fiber loop, with ratio of transmission:reflection = 50:50, we can
obtain one more beat note both on PD1 and PD2, the round-trip (RT) signal on F1 and the
round-trip signal on F2, denoted with subscript 1 + 1 and 2 + 2. The total phase evolution for
these four beat notes can be written as:

Oz = [ 66zt -1 — (11— 2/V)dz+ [ 66(z,t - 2/v)dz,
Doy fOLz 0p(z,t — 11 — (12 — z/v))dz + fOLl 0¢(z,t = z/v)dz,
L L

Dy = /0 "ozt =11 — (11 — z/v))dz + /0 ' Op(z,t - z/v)dz,

Dyp = fOLZ 0d(z,t— 1 — (12 — z/v))dz + /OLZ op(z,t — z/v)dz.

where v is the speed of light in the fiber, L; and L, are the length of F1 and F2, 7; = L /v and

Ty = Ly /v are their propagation delays, and d¢ is the phase noise per unit of length at coordinate
z and time ¢ [22].

There is one more special beat note formed on p-FM between the forward signals from Lab1

to Lab2 on F1 and F2, denoted with subscript 2 — 1, propagating back to Lab1 and detected on
PD2. This beat note can be written as:

ey

L

L
D, = / Sp(z,t — 1 — (1 — z/v))dz — / 0(z,t — 1 — (11 — z/v))dz. 2)
0 0

From the frequency measurements made on PD1 and PD2, we can obtain 8 two-way (TW)
observables [18,19] including in-situ noise floor.
Here we focus on the classical two-way (CTW) observable,

Derw = Diyp — Doy, 3)

and one of the noise floor (NF) in-situ which is free of interferometer noise and non-reciprocal
noise [18],
ONp = Dpyp + Poyo — Dpyp — P2y = 0. (€]
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As the two ends of the setup are set in the same lab, it avoids the necessity to exchange and
synchronize data between distant sites [23]. We have estimated that the phase noise between the
two propagation directions on fiber loop (F1+F2) is highly correlated [18,24]. When combining
different beat notes mentioned above, the reciprocal noise are removed in the TW observables.
The CTW observable @ctw only contains the non-reciprocal fiber noise which we will discuss
in details.

3. Performance limitations

Here we will discuss the main limiting factor for the performance of the bidirectional two-way
setup. The fiber noise cancellation technique is based on the assumption that phase fluctuations
are identical for forward and backward directions. However, in an actual frequency transfer
fiber link, this assumption will be degraded by the path, frequency, wavelength and polarization
asymmetry. In addition, it will also probably be limited by the coherence and frequency drift of
the laser source.

At the beginning, we should mention that the radio frequency (RF) phase noise is negligible.
As we phase-lock all the reference synthesizers for the beat note tracking and the frequency
counter to a common 10 MHz reference signal, the RF electronic noise can be neglected even for
very low fiber phase noise. This is also confirmed by replacing the beat notes by the direct output
of synthesizers, and the noise level is significantly low. Note that the wavelength-dependent
polarization mode dispersion (PMD) effect is negligible, because the laser source we used is
ultra-stable. We mention also that the non-reciprocal power could induce non-reciprocal phase
noise due to the Kerr effect. However, this non-reciprocal phase noise is also negligible compared
to other limitations discussed here [11].

3.1. Laser source frequency drift

In classical two-way method, two laser sources are used for each direction which suffers from the
drift of their relative frequency difference,

dDcrw-1

+71
dr

() dvl(t)] i Tz[dz"Z(t) _ dzm(”]}. )

- ”vZ(t) “n® dr dr dr? dr?

. . dv(r) d>v(r) 2 4 . .
With typical values of == ~ 1Hz/s and —5= ~ 1Hz/s*, and 7 ~ 2 x 107" s with 43 km fiber link,
the long-term instability will be limited to be ~ 10717 [21].

When the laser sources are set in common mode, e.g. in our case, the same laser is used in the
two directions, thus the instability arising from the drift of laser source can be largely rejected.
In our setup, the ultra-stable laser is referencing its frequency to an H-maser using an optical
frequency comb and an offset-phase locked laser. The laser frequency drift is ~ 10 mHz/s and
therefore its contribution to the uncertainty of CTW observable is negligible.

3.2.  Frequency and wavelength asymmetry

In order to reduce stray reflection effect and distinguish beat notes, we usually use different
driving frequencies for AOMs. As a result, the forward and backward signals propagate via
the optical fiber with a frequency asymmetry of v,sym. In our CTW observable, vasym = 224
MHz, this frequency asymmetry results in an imperfect phase noise cancellation, because a delay
change corresponds to different phase variations for the forward and backward signals [25],

Vac
Dcrwa ~ v—z"’ XD~ 1X 10700, (6)

where vy is the frequency of the optical carrier. Thus, the instability of the CTW observable is
then
oetw & 1 x 1070 ,0. (7
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This frequency asymmetry effect limits the CTW observable instability to around 1 x 107 of
the free-running link instability. As the uncertainty of the RF signal applied to the AOMs is <1
mHz, its contribution to the uncertainty of CTW observable is also negligible.

This frequency asymmetry vasym also causes an imperfect phase noise cancellation due
to the chromatic dispersion of SMF-28 fiber, which is D(1) ~ 17 ps/(nm-km) at 1542 nm.
For the frequency asymmetry vasym = 224 MHz, the corresponding wavelength asymmetry
Aasym = 0.0018 nm, then

C —
®crws ~ D(D)duym X @1z ~ 1 X 10701, ®)

Clearly, compared to frequency asymmetry effect, the wavelength asymmetry effect is two orders
of magnitude lower and is negligible. Uncertainties on the chromatic dispersion coefficient,
the effective refractive index and the wavelength of the laser contribute to the uncertainty of
the wavelength asymmetry effect. Among them, the uncertainty on the chromatic dispersion
coefficient D(1) is dominant. We assume here that D(1) is known with an uncertainty of ~ 10%,
so the uncertainty of the wavelength asymmetry is set to 10% of the total effect.

3.3. Interferometer noise

Temperature variation acts both on the fiber physical length and the fiber index. Around the
working temperature Ty, the thermal fiber noise density can be expressed as [22]:

n(Tq
501 = " ia &) AT 0. ©
where n(Ty) = 1.468 is the fiber refraction index, a = %g—% is the fiber linear thermal expansion
coefficient (~ 0.55 x 107 K~! for silica), & = 122 is the thermo-optic coefficient (~ 7 x 107

K~! for silica-core fiber), AT is the temperature variation in the interferometers. Clearly, the
refraction index variation with temperature is by far the dominant effect. Here we conveniently
express the phase error as a time error in femtosecond. For SMF28 fiber specifications, we obtain
a phase-temperature coefficient y = @(a + &) ~ 37 fs/(K-m) for an optical carrier at 194.4
THz and at Ty = 298 K [22].

Note that these thermal variations which affect the non-common fibers are quasi-static compared
to the propagation delay in the fiber link. Thus, the total thermal phase variation for CTW
observable, which is so-called interferometer noise, can be simply expressed as

Ocrw-a(t) =y - AL - AT(2). (10)

where AL is the length mismatch. The physical length mismatch 6L reads as 6L = Lcp +
Loa + Lag — Loc = 0.15m [18,21]. The asymmetry of the interferometer will affect the CTW
observable discussed here as AL = 26L ~ 0.3 m (see Fig. 1 for the definition of point O, A, B, C
and D).

To minimize the interferometer noise, the passive strategy is to measure as precisely as possible
the relevant non-common optical lengths and the temperature evolution of the interferometers,
and compensate this part of the interferometer noise by post-processing [19]. The active strategy
is to minimize the relevant non-common fiber lengths and actively stabilize the temperature of
the interferometers.

A relative frequency bias exists due to the temperature drift of the interferometer ensemble
and reads as y - AL - ddA—[T, and the uncertainty is governed by the uncertainty of the temperature
measurement. In our setup, the temperature change is about —2.3 x 1073 K/s. Calculating the
derivative of the out-of-loop temperature data and using Eq. (10), we obtain an estimate of
the relative frequency bias of —2.6 x 10722 for the data shown in next section. The standard
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deviation of the temperature is estimated in our setup as the mean of two out-of-loop temperature
sensors set in the interferometer box. The temperature fluctuation deviation is estimated as 2
mK over 5 days that sets an upper limit for the achieved temperature control. Calculating the
long-term Overlapping Allan deviation (OADEV) of the interferometer contribution, we obtain
an uncertainty of 1 x 10722 for the CTW observable with a data set of 392 thousands of seconds
(see next section).

3.4. Polarization asymmetry

Single mode fiber sustains only one mode of propagation, however, suffers from dispersion called
polarization mode dispersion (PMD). Even though we call the fiber ’single mode’, it actually
carries two modes. Due to birefringence, the refractive-index of the two modes orthogonally
polarized at the two principle axes of a bent fiber will differ from each other. Single mode optical
fibers do not normally preserve the polarization state of the light propagating along the fiber. The
birefringence-induced polarization fluctuations and polarization mode dispersion are varying
in time because of the mechanical stress induced by vibrations or by temperature and relative
humidity (RH) fluctuations. The polarization state of the light in the fiber is very sensitive to any
perturbation which is not symmetric with respect to the fiber axis. Thus, the polarization of the
forward and backward transmitted signals changes and leads to changes of the propagation delay
asymmetry.

This birefringence-induced polarization noise is a non-reciprocal noise, that cannot be
compensated in the closed-loop stabilization system and it degrades the noise compensation and
could also introduce a systematic bias in the forward noise measurement. We will refer later on
to this effect as polarization noise (PN).

Using n, and n, defined as the effective refractive-index of two polarization eigen modes along
the fast and slow axes, the phase difference between the two orthogonally polarized modes can
be expressed as,

ny — Ny
0¢pmp(z, 1) = XC :

(@+¢&)-AT(z,t) + 8- ARH(z, t)]
(11)
=B,y - [ST - AT(z,t) + Sru - ARH(z, l)] s

where St and Sry are the sensitivities to temperature and relative humidity, respectively. AT and
ARH are the changes in temperature and relative humidity accordingly. By = (n, — ny)/~xny,
is the birefringence, typically in the order of 10~/ <B,,<10~> for commonly available single
mode fibers [26]. A is the hygroscopic longitudinal expansion coefficient (1.58 x 107 %RH™!)
[27]. The temperature sensitivity is St ~ y = 37 fs/(K-m). The relative humidity sensitivity is
SRH = B - \aity/c = 7.7 fs/(9eRH-m).

Then, the total PN phase variation along the spooled fiber for CTW observable can be expressed
as

c
(I)CTw_j(t) = Bxy . / [ST . AT(Z, t) + SRrH - ARH(Z, l‘) dz. (12)
A

This model supposes that temperature and relative humidity are independent. In case of strong
correlations between these variables, alternative model can be better (see Eq. (15) in Sec. 4).
As a matter of fact, a degraded stability of RF frequency transfer due to non-reciprocal
noise caused by PMD in the optical fiber has already been reported in the literature and a
solution has been proposed to scramble the polarization rapidly to average out the PMD effect
[28-30]. However, the effect of PMD and polarization fluctuation has never been observed
in the optical carrier frequency transfers, to the best of our knowledge. This is due to the
fact that the actuator (an AOM) causes much less polarization variation of the optical signals
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than the fiber stretcher used for the RF modulation frequency transfer. On the other hand, the
standard telecommunication fiber networks are buried in the ground, and well fixed and isolated.
Consequently, PMD fluctuations of the in-field fiber link are slow, and their effect is negligible
[7]. It is noticeable that fiber spools provide us a good opportunity to study this polarization
noise in optical frequency transfer because it is exaggerated in fiber spools which experience
more mechanical stress and temperature fluctuations, and because of the coherent excitation of
the fiber link as the spools are located in one single site. In addition, the temperature and relative
humidity variations are monitored for the whole link, so we can analyze this polarization noise
quantitatively.

3.5. Propagation delay

Due to the propagation delay, the maximum noise rejection is given by

(11 +12)?

Scrw(f) = T(Zﬂf)Zsle")- (13)
where S12(f) is the power spectrum density (PSD) of the one-way fiber noise, and it has been
assumed that the fiber noise is uncorrelated with position [12]. It gives a limit which is lower
than the current noise floor.

However, it is interesting to note that in our spooled fibers, considering that the fiber noise is
arising from optical length variations induced by temperature variation, thus it could be correlated
on a length given by the perimeter P of the spools. The limit becomes:

(L + Lo) (11 + 1)*

7 T2’ Su(). (14)

Scrw(f) =

With (L; + Ly)/P ~ 10, it gives a limit Sctw(f) = 0.08f2S12(f) which is higher than the current
noise floor.

It shows that the fiber noise is partly uncorrelated with position. This is expected result as
the typical length for the birefringence variation (polarization beat length) is greater than the
perimeter of the spools. In addition, since the fiber birefringence changes randomly along the
fiber, one expects a scaling of the PN contribution to S, (f) with the optical fiber link length.

4. Experimental results
4.1. Optical phase noise

The experiments were carried out on spooled fibers with length of ~ 25 km for F1 and F2 each.
The two fiber spools have the same propagation delay within 1.5 ns, that we cross-checked with a
time transfer experiment. Assuming an effective index of refraction n = 1.4682, the total looped
fiber optical length is L = L1 + L2 = 50 776 m for the free running one-way signal, as measured
with an optical time domain reflectometer (OTDR). The resolution of the measurement is below
1-m. The inaccuracy is evaluated as +10 m, mainly given by the inaccuracy of the index of
refraction. The fiber spools are connected in such a way that the normal vectors to the enclosed
surfaces of each spool are opposite in direction (see Fig. 1). The total enclosed area of the two
spools is therefore close to 0, and no phase fluctuation can arise from coupling of the enclosed
area with the Earth rotation rate.

The green and black lines shown in Fig. 2(a) are the integrated optical phases of the free
running one-way signals @, and ®,,;. For sake of clarity, we only show ®,, and ®@,,,
because @, and ®,,; follow almost the same trace. Based on Eq. (9), we can estimate the
temperature related noise for a fiber loop with a length of 50776 m, as shown in Fig. 3(a) (green
dashed line). We note that the phase evolution of free running one-way shows significantly high
correlation (95.8%) with the temperature variation in Lab2 where the fiber spools are located, as
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displayed on Fig. 4(b). This temperature variation induces fiber length and fiber index changes for
our spooled fiber. It confirms that the free running one-way signal is dominated by the fiber noise
induced by the environmental fluctuation, here specially the temperature variation. It confirms
that the underlying assumption of thermal equilibrium between the room temperature and the
fiber spools is reached at relevant time scale.

0.0
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Fig. 2. Phase evolution of (a) free running one-way signal (@1, and ®,,), (b) classical
two-way (CTW) observable (®cTw), and (c) noise floor (NF) in-situ (Onp).

The phase evolution of the CTW observable ®ctw is shown in Fig. 2(b) (red line). In this
experiment, the temperature inside the interferometer ensemble is actively stabilized. The
temperature data are gathered from the sensors out-of-loop every 10 seconds and its variation
ATiners is less than 10 mK in 5 days. Based on Eq. (10), with a length mismatch of AL = 0.3 m in
the interferometers, the interferometer noise y - AL - ATipters < 0.1 fs, as shown in Fig. 3(b) (green
dashed line). We note that the interferometer noise cannot account for the phase noise ®crw
(~ 8 fs over 5 days). When the temperature is stabilized in the interferometer, the interferometer
noise is negligible and some other factors must exist to dominate the CTW observable.

Moreover, the blue line in Fig. 2(c) shows the phase evolution of the noise floor in-situ. It
fluctuates only in the range of + 0.5 fs. It is not relevant to the environmental temperature and
relative humidity fluctuations both in Lab1 and Lab2, so it is free of not only the interferometer
noise but also the polarization noise. It is the noise floor of our setup.
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Fig. 3. (a) Phase evolution of the free running one-way signal and the temperature related
noise in Lab2, (b) phase evolution of the CTW observable, interferometer noise and the
residual 1, (c) polarization noise and the residual 2.
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Fig. 4. The temperature and relative humidity variations (a) in Labl (AT}, ARH) and (b)
in Lab2 (AT,, ARH>).

In this study we measured the room temperature and relative humidity both in Lab1 and Lab2.
Their variations are shown in Fig. 4. The correlation coefficients between the phase evolution
®crw and the temperature and relative humidity variations (AT}, ARH{, AT, ARH>) are listed
in Table 1. As the major part (~ 50576 m) of the spooled fiber link is located in Lab2 and a
minor part (~ 200 m) in Lab1, higher correlations (91% and -93%) are observed between the
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phase evolution of the CTW observable ®@ctw and the temperature variation AT and the relative
humidity variation ARH, measured in Lab2, lower correlations with AT} (-82%) and ARH;
(-84%) in Lab1. Thus, we attribute the optical phase evolution of CTW to polarization noise
induced not only by temperature fluctuations but also by relative humidity fluctuations impacted
on spooled fibers.

Table 1. Correlation coefficients between the

phase evolution of CTW observable and the

temperature and relative humidity variations
both in Lab1 and Lab2.

éctw ATy ARH, AT, ARH,
écrw | 10 082 -084 091 -0.93
AT, | 082 1.0 044 -086 0.60
ARH, | 084 044 10 -065 093
AT, | 091 086 -065 1.0 -0.75
ARH, | 093 060 093 -075 1.0

Based on Eq. (12), we can estimate the non-reciprocal polarization noise, but the birefringence
of our spooled fiber By, is unknown. We use a multi-linear fitting procedure to fit the CTW
observable. Because of moderately high correlations between the temperature variation and
relative humidity variation in our experiment, the lower residuals are obtained with the following
model

c
Ocrw-s(t) = By - / {ST ~AT(z,1)
A

1 +€- ARH(z, t)]}dz. (15)

It shows that relative humidity changes the thermal conductivity and therefore enhances the
sensitivity to temperature variations. The fitted parameter of birefringence for the major 50 576 m
of the spooled fiber link is By, ~ 1.4 X 107° with € ~ 0.16, for the minor 200 m fiber is
By ~ 3.6 X 10~* with € ~ 0.28. The 200 m fiber has an additional polymer-coating as compared
to the fiber spools, and exhibits higher sensitivities to temperature and relative humidity variations.
The fitted polarization noise is shown in Fig. 3(c) (yellow dashed line). After removing the
polarization noise from the CTW observable, we obtain the residual noise within +1 fs, as shown
in Fig. 3(c) (pink line). The linear drift of the residual phase, which is as low as 27 yoctosecond/s,
is within the residual noise fluctuations and is not significant. This residual noise may be due to
imperfect temperature and humidity sensing.

4.2. Phase noise power spectral density (PSD)

Considering standard random signal processing, the fiber phase noise power spectral density is
given by the Fourier transform of the auto-correlation function of its phase noise [22].

Figure 5 shows the phase noise PSD of free running one-way, CTW observable, noise floor
in-situ, as well as the residual of CTW after removing the interferometer noise and polarization
noise. For the free running one-way signal S1»(f), it falls off as a flicker frequency noise (cc f~3)
over all the Fourier frequency range. The Scrw(f) behaves as white phase noise and flicker
phase noise (o 0 and f~!) for Fourier frequency f > 4 x 107 Hz, and as flicker frequency noise
(cc f73) for Fourier frequency f < 107* Hz. The blue curve in Fig. 5 indicates the noise floor
in-situ which shows flicker phase noise signature over almost the full frequency range.

For high Fourier frequency (f > 1073 Hz), the noise level of CTW Scrw(f) is very close to
that of the noise floor in-situ. For low Fourier frequency (f < 107® Hz), compared to the one-way
free running, the fiber noise is rejected by ~ 10 orders of magnitude in the CTW observable;
moreover, compared to the noise floor in-situ, the CTW observable still have some extra noise.
In Ref. [19], the extra noise at low frequency was dominated by the interferometer noise where
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Fig. 5. Phase noise power spectral density (PSD) of the free running one-way signal (black),
the classical two-way (CTW) observable (red), its residual after removing interferometer and
polarization noise (pink), the noise floor in-situ (blue). The yellow and green lines show the
limits due to the propagation delay without and with correlations, corresponding to Egs. (13)
and (14) respectively.

the correlation between the phase evolution and temperature variation in the interferometers was
confirmed as high as 98.6%. Then the interferometer noise was evaluated and further removed
by data post-processing. In this experiment with active stabilization of the temperature inside
the interferometer box in Labl, the interferometer noise is minimized in-situ. Therefore, the
CTW residual noise at lower frequencies are originating from polarization noise arising from
the spooled fibers. After removing this polarization noise by data post-processing, it drops to
the pink curve in Fig. 5, which further confirms that the polarization noise dominates the CTW
observable at low Fourier frequencies.

4.3. Frequency stability estimated as Modified Allan Deviation (MDEV)

The MDEV of the free-running one-way noise, the two-way observable and noise floor in-situ
are shown in Fig. 6. The MDEV of the two-way observable starts from 5 x 10~!7 at integration
time 7 = 1s and decreases to 3 x 107%° at integration time 7 = 1000s, then shows a plateau at
integration time 7>1000s. The MDEV of noise floor starts from 8 x 10~!7 at integration time
7 = I's and decreases directly to 3 x 10722 at integration time 7 = 10°s. We notice that the
stability of noise floor is higher than that of CTW observable at integration time <103 s. This is
because the noise floor is indeed a combination of 4 beat notes with higher detection shot noise,
whereas the CTW is a combination of 2 beat notes.

For in-field fiber link, the discrepancy between two-way and noise floor at long timescales
is due to the interferometer noise [18,19]. For spooled fiber link in the lab, this discrepancy is
mainly due to the polarization noise. With active temperature stabilization in the interferometer
box, the instability of the interferometer is at a very low level (green dashed line in Fig. 6). The
instability of CTW at long-term is explained by the polarization noise, as shown in Fig. 6 (yellow
dashed line). It is degraded by the temperature and relative humidity changes impacted on the
spooled fibers. The expected instability of residual two-way (pink star) indicates that ultimate
instability would reach 107! within a few days integration time, assuming interferometer noise
and polarization noise rejection.
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Fig. 6. Fractional frequency instability expressed as modified Allan deviation (MDEV)
for free running one-way (black circle), two-way observable (red circle) , interferometer
noise (green, dashed), polarization noise (yellow, dashed), residual two-way after removing
interferometer and polarization noise (pink star), and noise floor in-situ (blue diamond).

4.4. Accuracy budget

We evaluate the uncertainty contributions of the above listed effects and physical model to the
uncertainty budget of a coherent fiber link, by calculating the systematic offset (systematic
bias). Their associated uncertainty (systematic uncertainties, type B) are evaluated from the
experimental control of the parameters (as laser drift, frequency control and temperature control).
For the polarization noise term, it can be computed using Eq. (15). The room temperature and
relative humidity where the spools sits were measured during the experiment (Fig. 4). It found an
excursion of temperature about 700 mK and relative humidity about 16 %RH over ~5 days. With
v = 37 fs/K/m and the fitted By, = 1.4 X 107, we obtain a frequency bias of 1.9 x 1072, This
value strongly depends on the effective birefringence of the spooled fiber. It is resulting from a
fit of experimental data and is significantly dependent on the fiber and manufacturing process
(see section above). So we evaluate its uncertainty as the long-term OADEYV of the polarization
induced optical phase fluctuation (blue trace in Fig. 3), and report it as the polarization noise
induced bias and uncertainty. Reciprocally, this value can be interpreted as a measure of the fiber
birefringence, which is By, =~ 1.4 X 107° for our pair of fiber spools.

Table 2 lists the major frequency shifts and their related uncertainties that affect our setup.
The two-way scheme on spooled fiber link is dominated by polarization noise with systematic

Table 2. Accuracy budget of the presented 50-km spooled fiber link.

Effect Bias (x10720) uncertainty (x10720)
Local oscillator <1073 <1073
Laser drift 0 0
Frequency asymmetry <107! <10712
Wavelength asymmetry <1073 <107
Interferometer -2.6x 1072 1x1072
Polarization asymmetry 1.9 1.2

Total 1.9 1.2
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uncertainty of 1.2 x 10729, The statistical uncertainty for the CTW observable is 8 x 102!, The
total uncertainty budget reads as 1.9(+0.8)(x1.2) x 1072, After compensation of the polarization
induced asymmetry, we compute the mean and the OADEYV (at 10° s integration time) of the
residual (residual 2 in Fig. 3), and found 2.6(+39) x 1022,

5. Conclusion

We presented the first noise characterization of the laser source, frequency, wavelength, interfer-
ometer and polarization asymmetry between the forward and backward propagation signals on
optical fibers in two-way method. We observed interactions between temperature variation and
relative humidity variation and measured optical phase in a spooled fiber link, and we identified
the mechanism behind the observed perturbations. We report here for the first time, to the best of
our knowledge, experimental observation of non-reciprocal noise in bi-directional fiber links.
These measurements are an essential prerequisite for the best exploitation of two-way fiber links
at their fundamental limits as for instance the search for Dark Matter at time constant greater
than 1 000 s [17], and for the study of more fundamental non-reciprocal noise such as the Sagnac
effect that one can expect at the low 1072! level. We showed that, when interferometer noise is
minimized by actively stabilizing the temperature of the interferometers, the PMD noise will
dominate the low Fourier frequencies for experiments on spooled fibers, and can be compensated
in post-processing using its correlations with temperature and humidity variations. This strategy
is shown to be effective on a fiber-spools experiment. This work lays the basis of understanding
polarisation effects in optical fiber link and opens the way for better interferometer designs, higher
sensitive experiment with specific fibers [31-33] , and other mitigation strategies for in-field
applications of time and frequency transfer as polarisation scrambling [20]. Further research
on polarization noise control will allow to push the fiber link to a more accurate regime in the
10722 — 10723 range.
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