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For improving the performance of optical frequency dissemination and the resolution of its out-of-loop (OOL)
characterization, we investigate a compact free-space interferometer design in which a monolithic assembly forms
the reference arm. Two interferometer designs are realized, and their environmental sensitivity is analyzed based
on the properties of the materials involved. We elucidate that in these designs the temperature sensitivities of the
out-of-loop signal paths are greater than for the reference arm. As the estimated temperature-variation-induced
frequency transfer errors are observed to be the relevant limitation, the out-of-loop characterization signal can be
regarded as a trustworthy upper limit of the frequency transfer error to a remote place. We demonstrate a frac-
tional frequency transfer uncertainty and OOL characterization resolution of ≤2.7 × 10−21 over many measure-
ment runs. With a value of �0.23� 1.07� × 10−22 the weighted mean offset is significantly below the best reported
results so far.
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1. INTRODUCTION

Accurate interferometry underpins many high-precision mea-
surements ranging from, e.g., gravitational wave detection
[1], over Earth rotation sensing [2] to volume determination
of silicon spheres [3,4] for the revised SI kilogram [5]. In optical
frequency transfer via interferometric fiber links (IFLs), accu-
rate interferometry enables path length stabilization [6–9]
achieving frequency transfer uncertainties at or below the
10−19 level over IFLs having a length >500 km [10–13].
Hence, IFLs are currently the only available means to remotely
compare [14] the best optical clocks. These now reach system-
atic uncertainties below 3 × 10−18 [15–21]. Remote optical
clock comparisons are not only considered as a prerequisite
for a potential redefinition of the SI second [22,23] but also
enable applications in chronometric leveling [15,20,24–26]
or fundamental physics [27,28]. Despite the proven frequency
transfer performance, the interferometric noise floor [8,9,29]
was identified as limiting uncertainty contribution at averaging
times ≥1000 s in recent assessments [12,13,30]. Further
progress of IFL performance and study of remaining non-recip-
rocal effects [12,31] require an improved interferometer.

Uncompensated fiber paths, which are the source of inter-
ferometric noise, can be located either at the sender site or in
the receiver at the remote end. A typical example at the sender

end would be the (short) reference arm of the Michelson inter-
ferometer of which the IFL forms the long arm. At both the
sender and the receiver ends, input and output fibers are often
uncompensated. In remote clock comparisons [14,15,25,32], a
single IFL is typically only one constituent in a longer fre-
quency transfer chain [33]. In this case, it is sometimes possible
to avoid uncompensated paths altogether, by ensuring that the
input and output reference planes of successive IFLs coincide
[34,35]. In practice, however, many setups, including commer-
cially available equipment, still contain uncompensated paths.
In some topologies, common-mode suppression between
multiple uncompensated paths exposed to the same environ-
ment can be utilized to minimize the net interferometric noise
contribution [36,37].

For assessing the frequency transfer performance—online in
an optical clock comparison as well as for validating IFLs and
their instrumentation, one typically implements an out-of-loop
(OOL) characterization by looping back the light from the re-
mote end to the sender and comparing the loop output signal
to the input of the IFL. The OOL setup typically introduces
additional interferometric noise, impacting the assessed fre-
quency transfer uncertainty. Ideally, this OOL signal would
characterize the complete frequency transfer error between
the IFL sender input and receiver output. However, the loop
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output signal typically bypasses part of the receiver setup and,
therefore, this part of the frequency transfer error cannot be
assessed. Worse, because the sender and the comparison setup
reside at the same location, uncompensated paths are now ex-
posed to the same environment and noise contributions may
cancel, falsely suggesting a lower uncertainty than will be
achieved for separated sender and receiver units. Nevertheless,
the best one can do for a meaningful OOL characterization is to
minimize uncompensated paths in the sender and comparison
setup and avoid their mutual cancellation. Furthermore, it is
important to ensure that different contributions do not mask
each other, i.e., that the frequency transfer uncertainty assessed
via the OOL signal is an upper limit to the frequency transfer
error of the signal received at the remote end.

Here, we demonstrate a compact all-dielectric free-space
interferometer, as an accurate yet easily implementable OOL
characterization solution. Different from a recent implementa-
tion of a compact free-space interferometer [37], the central
element is a monolithic assembly formed by optically contact-
ing a polarizing beam splitter (PBS) with a quarter-wave plate
(QWP) and a high-reflection (HR) mirror. We integrate this
assembly into a compact OOL characterization setup and
we report OOL fractional frequency uncertainties of 10−21

and below.
In the following section, we will elucidate the relevant prin-

ciples of IFLs and introduce the terminology used throughout
the paper. After that, we will continue with introducing and
discussing our interferometer design in Section 3 and present-
ing the experimental results in Section 4. In Appendix A, we
address strategies to further enhance the achieved performance
in the future.

2. OPTICAL FREQUENCY DISSEMINATION

A. Interferometric Path Length Stabilization
Figure 1(a) shows the generic setup used for the fiber-based,
stabilized frequency dissemination to a remote location de-
picted here as being implemented using fiber optics.

The path length stabilization relies on the retro-reflecting
part of the light reaching the remote end back to the sender.
In this way, the IFL forms one arm of an unbalanced Michelson
interferometer. The round-trip phase evolution of the long arm
to the remote end is stabilized with respect to a short reference
arm using a phase-locked loop (PLL) actuating an inline
acousto-optic modulator (AOM). A second AOM near the re-
mote end serves to discriminate light reflected at the remote
end from spurious reflections and backscattering along the
IFL. Within the locking bandwidth, the PLL establishes phase
coherence between the reference arm retroreflector (place A)
and the remote end B. If propagation is reciprocal, i.e., the
phase evolution is equal in forward and backward propagation
directions, stabilization of the round-trip phase offset implies
phase stabilization of the one-way signal [8]. Suppression of
the fiber connection phase noise is constrained by the so-called
delay limit [8], leading to a dynamic residual frequency transfer
error Δf ctrl.

In the following derivation of a mathematical treatment of
the OOL signal, we assume that the purpose of the IFL is to
transfer the optical frequency νC1

of the light wave incident

from an ultrastable laser to the coupler C1 to the remote place
B 0. This choice of the coupler C1 as starting point simplifies the
following argumentation since it is the splitting point between
the long-haul fiber and reference arm. The treatment can easily
be adapted to different choices of the starting point. Note that
in some applications it is only required to achieve phase coher-
ence between two locations physically different from the
IFL input.

As elucidated above, the phase stabilization acts with respect
to the short reference arm of the Michelson interferometer.
Since this reference arm is not free of variations, the IFL essen-
tially does not transfer the frequency νC1

but the frequency

νA � νC1
� ΔfC1−R−C1

∕2, (1)

with ΔfC1−R−C1
being the frequency error introduced by the

reference arm. The factor 1∕2 stems from the action of an ideal-
ized control loop within the stabilization bandwidth. For short,
we will call this frequency error ΔfC1−R−C1

∕2 the in-loop (IL)
contribution to the interferometric noise. Here and below, we
make use of the definition of the frequency shift introduced by
propagating from X to Y with
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Fig. 1. (a) Generic setup of a long-distance IFL [7–9] transferring
an optical frequency to a remote location. As an example, this setup is
drawn based on fiber-optic interferometers and Faraday-rotator mir-
rors. The tracking filters are operated with a bandwidth higher than
the propagation-delay-induced stabilization bandwidth [8] and radio-
frequency dividers are used for achieving unambiguous phase resolu-
tion. (b) Loop-back setup for implementing an OOL characterization
via heterodyning the IFL input with the loop output. In applications,
one can use (c) a repeater laser station (RLS) [11] or (d) a manypoint
extraction (MPE) [38] for tapping off a stabilized optical frequency at
the remote end and for simultaneous IFL performance assessment us-
ing the loop-back.
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Δf X −Y �t� �
d

dt

Z
LXY

0

δϕ�z, t − �τXY − z∕cn��dz, (2)

where cn is the speed of light in the fiber, LXY is the geometric
path length between the points X and Y , τXY � �zY − zX �∕cn
is the corresponding propagation delay, and δϕ is the phase
noise along the considered fiber path. We omit temporal var-
iations of LXY and τXY for the sake of simplicity. Furthermore,
we introduce a short-cut notation for a concatenated path:

Δf X −Y −Z �t� � Δf X −Y �t − τY Z � � Δf Y −Z �t�: (3)

Similarly, there is a frequency error introduced at the remote
end which results from the differential phase variation between
the point B, which is the mid-way point actually stabilized by
the IFL, and the location B 0, where the transferred frequency
signal is effectively used:

ΔfB 0,B � ΔfC2−B 0 − ΔfC2−B: (4)

Hence, assuming reciprocal propagation, the frequency
transfer error Δf � νB 0 − νC1

in stabilized operation can be
written as

Δf � Δf ctrl � �ΔfC1−R−C1
∕2�Es

� �ΔfB 0,B �Er
, (5)

where �·�Ex
specifies the environment driving the interferomet-

ric noise terms (Es is the sender site and Er is the remote site).
Relevant environment variables are those that change the spe-
cific optical path length, for example, temperature, (air) pres-
sure, and humidity; see, e.g., Ref. [34] for a detailed discussion.

As Eq. (5) shows, an accurate one-way frequency transfer
requires minimizing ΔfC1−R−C1

and matching the frequency
disturbances on the paths C2−B and C2−B 0, i.e., to minimize
ΔfB 0,B . The mutual cancellation of disturbances has been
discussed in the context of improving many point frequency
extractions [38] and repeater laser stations [29]. In fiber optics
this can be achieved by length matching the fiber leads after the
fiber coupler and routing them close to each other in effectively
the same environment [9,29,30,38]. Alternatively, the contri-
bution C2−B can be completely avoided by using a partial
retro-reflector [7]. This is optimally placed at the user output
B 0 to remove the C2−B 0 contribution. A partial reflector can
also be used at the sender instead of C1 and R; however, this
leads to unwanted multiple reflections into the link which can
cause trouble, especially with amplifiers that amplify true and
spurious signals equally.

B. Out-of-Loop Characterization
The loop-back configuration used for the OOL characteriza-
tion of the IFL performance is shown in Fig. 1(b). While
for the pure assessment of the IFL performance or its instru-
mentation a direct loop-back is often used, applications require
to tap off the signal at the remote end, e.g., via a repeater laser
station [11,29] [Fig. 1(c)] or a manypoint extraction [38]
[Fig. 1(d)]. Uncompensated paths between the tapping point
on the IFL and the effective user output are not monitorable by
looping back and need to be taken into account in the construc-
tion and design phase of the extraction setups [11,29,38]. Here,
we focus on the OOL signal and characterization of the con-
tributions of sender-side imperfections on the basis of the setup
shown in Fig. 1(b).

The observed frequency error in this OOL characterization
in stabilized operation can be written as

Δf OOL � Δf ctrl � �Δf C1−R−C1
∕2� Δf B 0,B � Δf B 0−C1

�Es

� Δf ctrl � �Δf C1−R−C1
∕2 − Δf C2−B � Δf conn�Es

,

(6)

with the optical path length variations of the connection used
to generate the OOL beat being Δf conn � ΔfC2−C1

.
Equation (6) shows that an additional contribution ΔfB 0−C1

limits the resolution of the OOL characterization.
Furthermore, the rewrite in the last line of Eq. (6) points to
an unwanted artifact in IFL OOL characterizations: common
mode cancellations of the three terms ΔfC1−R−C1

∕2, ΔfC2−B ,
and Δf conn can arise from being immersed in effectively the
same environment Es. While such a common mode rejection
is beneficial for a more stringent assessment of Δf ctrl [9], it
limits the significance of the OOL characterization as a measure
of the frequency transfer uncertainty to remote locations since
the fluctuations ΔfC1−R−C1

∕2 impacting the one-way frequency
transfer are not completely visible in the OOL signal.

The impact of the Δf conn contribution to the OOL signal
can be avoided by implementing a two-way comparison be-
tween the loop output and the input [39,40], which typically
requires an additional AOM in the setup shown in Fig. 1(b).
However, even for a two-way comparison, the two uncompen-
sated paths between the coupler and retro-reflector at both sides
remain as interferometric uncertainty contributions. Here, we
discuss a different strategy for enhancing the OOL resolution
limit based on minimizing the environmental sensitivity
of ΔfC1−R−C1

∕2 and Δf conn together with rendering
ΔfC2−B � 0 by inline retro-reflection. This setup makes use
of passive optical components only and does not require any
two-way post-processing.

C. Assessment of the Interferometric Noise Floor
The interferometric noise floor is assessed by short-cutting the
IFL rendering Δf ctrl negligible:

Δf OOL,sc ≃ �ΔfC1−R−C1
∕2 − ΔfC2−B � Δf conn�Es

, (7)

which defines the baseline for the OOL characterization signal
from Eq. (6). The interferometric noise floor depends, as dis-
cussed above, on implementation details. These are not always
described in publications or even known to the full extent ren-
dering the comparison of results from different groups intricate.
Table 1 summarizes published interferometric noise floor re-
sults together with the details mentioned. Reported fractional
frequency instabilities of the interferometric noise floor are
compared in Fig. 2.

Short-cutting the IFL not only removes the delay-limited
phase noise contribution of the long-haul IFL but also changes
the transfer function of the control path [8,42]. Hence, phase
noise suppression features are different between short-cut con-
figuration and long-haul IFL. Furthermore, other quantities
such as the polarization variation dynamics may vary resulting
in different frequency error contributions [8,43]. These effects
need to be considered separately.
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3. MONOLITHIC INTERFEROMETER

Our approach to simultaneously minimize the interferometer-
induced contributions to frequency transfer uncertainty and
OOL characterization uncertainty is illustrated in Fig. 3.
We use a compact, free-space, all-dielectric interferometer

layout. The central unit for path length stabilization is a mono-
lithic assembly consisting of three optically contacted elements
(manufactured by Layertec GmbH): a PBS made from fused
silica and having an edge length of 10 mm, a low-order
QWP made from a single quartz substrate (thickness
227 μm), and an HR mirror.

The rationale behind choosing optical contacting as the
joining method instead of gluing is to avoid long-term creep
of adhesives and their greater sensitivity toward changes in
the environment.

The source light incident on the PBS is split up in its polari-
zation components. The s-polarized portion is directed to the
HR mirror and returns back to the PBS reflection plane p-po-
larized due to the action of the QWP. This path forms the
reference arm of the Michelson interferometer. The p-polarized
part of the incident light is transmitted through the PBS and
focused into a single-mode IFL fiber, where it passes through a
Faraday rotator (FR), two AOMs, and a polarization controller.
At the far end of the IFL, the light beam hits a partially reflect-
ing (PR) mirror terminating the IFL [7,30]. The polarization of
the wave transmitted through the PR mirror is set to be linear.
By doing so, the retro-reflected light propagates the fiber sec-
tion backwards and due to 90° net polarization rotation by the
FR double passage it is reflected by the PBS. The 90° net polari-
zation rotation could also have been implemented using
a QWP. After polarization projection, the beating with the

Fig. 2. Published state-of-the-art interferometric noise floor insta-
bilities. The Π-counted ADEV results from Ref. [9] are indicated
as possible Λ-counted modADEV range assuming white-phase noise
domination on short time scales.

Table 1. Summary of Literature Interferometric Noise Floor Results Together with Disclosed Configuration Details and a
Qualitative Classificationa

Ref. Configuration IFL length
T

stabilization

Estimated
correlation

Δf C1−R−C1
∕2,

Δf C2−B ,
and Δf conn

Estimated
magnitude
Δf conn

Type of
counting &

ADEV

Accuracy
interferometric

noise
floor (× 10−21)

[8] Free-space on Al breadboard 76 km Passive Partial Large
[9] Fiber, optimized for

Δf OOL,sc ≃ 0 exploiting
correlations of Δf C1−R−C1

,
Δf C2−B , and Δf conn

Short-cut Passive Partial–high Low–moderate Π, ADEV 3.5

[12] Fiber, IL, and remote
reference arm separately two-
layer T shielded (inside Al
housing in wooden box),
same building/climatization

as in Ref. [9]

Short-cut Passive Partial Moderate–large Λ, modADEV –

[30] Fiber, IL, and remote
reference arm and

connection in same housing

43 km Passive High Low Λ, modADEV 4.4� 2.3

[41] Fiber, IL, and remote
reference arm and

connection in same T
stabilized housing

Short-cut Active High Low Λ, modADEV –

[36] Multi-branch distribution,
compact planar light wave

circuit, two-branch
difference

Short-cut Passive High Low modADEV –

[37] Multi-branch distribution,
compact free-space,
two-branch difference

Short-cut Passive Partial Low Λ, modADEV –

aThe corresponding published instabilities are depicted in Fig. 2.
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reference arm light is recorded using a free-space photodiode.
For the OOL characterization, the IFL output light is transmit-
ted through the PR mirror and is superposed with a fraction of
the input light beam tapped off by a non-polarizing beam split-
ter (NBS). Initially, we tried to optically contact the externally
sourced monolithic IL assembly, the NBS, and the PR mirror to
each other. Unfortunately, the achieved optical alignment was
not sufficient so that in the following we kept the NBS and the
retro-reflector separate and aligned them individually. The NBS
is made from N-BK7, has an edge length of 10 mm, and is
placed at a distance of approximately 3 mm to the monolithic
assembly. Again, the beating is recorded after polarization pro-
jection with a free-space photodiode.

In order to avoid metallic optics mounts [8] with their larger
thermal expansion, the monolithic assembly and the NBS are
glued onto a fused silica substrate (diameter 50 mm, thickness
10 mm) by placing a fillet made from room temperature vulcan-
izing silicone at the free edges of the contact area between the
beam splitter and substrate. This gluing procedure is inspired
by other applications requiring a stress-less fixation of optical el-
ements [44,45]. In the same manner, the substrate is glued onto
an optical bench (Thorlabs, FT-100X100) used for fiber coupling.

We decided to base our setup upon beam splitter cubes for
their standard availability and their ease in assembling the setup
on commercially available fiber benches. The surfaces of these
beam splitter cubes are anti-reflection coated in order to min-
imize potential etalon effects.

Two different positions of the PR retro-reflector have been
realized. In a first version abbreviated as S1, we used an inline
retro-reflector coated onto the fiber end resulting in a spatial sep-
aration of ≈37 mm between the PR mirror and NBS edge, i.e., a
large OOL path length. Later we used an uncoated fiber and glued
a PR mirror at a distance of ≈1.5 mm to the NBS edge using a
UV curable epoxy (Optocast 3410 Gen2). This configuration has
been characterized by an IFL consisting of single-mode fibers—in
the following named S2, as well as using polarization-maintaining
fibers for the IFL—identified as S2PM in the remainder.

The setup was placed on an optical table in a climatized
laboratory. The servo and marker AOM drive frequencies have

been −55 MHz and 40 MHz, respectively, for the S1 and S2
configurations resulting in IL and OLL beat frequencies of
≈30 MHz and ≈15 MHz. In the S2PM the IL and OOL beat
frequencies have been lowered to ≈12 MHz and 6 MHz, re-
spectively, using polarization-maintaining AOMs with drive
frequencies of −74 MHz and 69 MHz. The fiber length of
the characterization IFL in both setups has been <5 m, giving
a negligible self-heterodyne phase noise contribution [8] in-
duced by the phase noise of the narrow-linewidth fiber laser
source with an operating wavelength of ≈1542 nm. The pho-
todiode signals have been recorded with dead-time free coun-
ters (K+K FXE), which have been set to report 1 s phase
averages of the frequency readings collected at the internal gate
time of 1 ms. This type of phase averaging is also called
Λ-averaging [46,47].

In the configurations S1 and S2, the polarization was man-
ually optimized before the measurements. The following char-
acterization concentrates on the configuration S2PM, as this
avoids polarization effects to enter the assessment of the inter-
ferometric path length noise characterization. We assume that a
performance similar to the characterization below can be
achieved for non-polarization-maintaining fiber connections
with stronger birefringence changes when using existing polari-
zation stabilization techniques [48,49].

In this interferometer layout, the noise term ΔfC1−R−C1
in

Eqs. (5) and (6) is given by the beam path between the PBS
reflection plane and the HR mirror resulting in a geometric
reference arm length of ≈2 × 5.2 mm for centric transversal.
Furthermore, ΔfC2−B � ΔfB 0,B � 0 due to inline retro-reflec-
tion. Accordingly, in our setup Δf conn is induced by the optical
path between the inline retro-reflector and the PBS reflection
plane: Δf conn � ΔfB 0−C1

. In the following paragraph, we will
quantify the temperature and air pressure sensitivities based on
the properties of the involved materials.

A. Environmental Sensitivity Based on Material
Properties
Variations in environmental variables χ induce a fractional
frequency error given by [29,34]

(a)

TL

PD ILPD OOL

FR

S2
S1

VCO

(b) (c)PLL

/     : polarizing / non-polarizing beam splitter cube
/     : quarter- / half-wave plate

: polarization manipulation PLL : phase-locked loop
FR : Faraday rotator/    : highly / partially reflecting mirror

A
B‘

TF TF

TL : transfer laser

Fig. 3. (a) Schematic setup for the OOL characterization of the optical frequency dissemination performance of the monolithic interferometer
design. The fibers have been taped down to the optical table. In the case of S1 and S2 using single-mode fibers on the IFL, the polarization at the far
end has been set to linear horizontal polarization in front of the retro-reflector. For the S2PM configuration, all fibers and components have been
exchanged for polarization-maintaining variants. For the measurements, the free-space part of the setup has been covered with a cardboard box
together with the photodiodes. (b) Top view of the assembled configuration showing the monolithic assembly, the non-polarizing beam splitter, the
fused silica baseplate, and the fiber bench with fiber collimators. (c) Side view of the assembled configuration showing the position of the calibrated
PT100 temperature sensor.
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c0

X
i

�
∂ni
∂χi

Li�ni
∂Li
∂χi

�
dχi�t�
dt

�
X
i

γχi
dχi�t�
dt

, (8)

where the summation takes into account different sections i of
the considered optical paths with the refractive index ni and
geometrical length Li, where c0 is the speed of light in vacuum.
As quantities χi, we will analyze and measure the impact of
temperature (T) and air pressure (p) variations in the following.
We will assume equilibrated environmental variations in the
interferometric setup χi�t� � χ�t� which we consider justified
due to the compactness and the shielding of the setup.

Using Eq. (8) and the material properties listed in Table 2,
we calculated the environmental sensitivities γχ �

P
i γχi of

the different paths listed in Table 3. In calculating these sensi-
tivities, we assumed centric transversal of the optics and mod-
eled variations of the geometric lengths to act on the center-to-
center distances. Furthermore, for describing the action of the
QWP, we used the mean of ordinary and extraordinary refrac-
tive indices, the thermo-optic coefficient, and the pressure
dependence of the refractive index. The impacts of air paths
are described using an updated version [55] of the Edlén for-
mula [57,58] and their partial derivatives with respect to T and
p. We evaluate these at the working point derived from the
barometric formula for a height of h � 77 m, a gravity con-
stant g � 9.81 m s−2, in standard atmosphere defined by the
international civil aviation organization [air density
ρ0 � 1.225 kg∕m3, air pressure p0 � 1013.25 hPa, relative
humidity 0%, CO2 concentration 450 ppm (parts per mil-
lion)], giving p � 1004.04 hPa, and at the laboratory temper-
ature of T � 20°C. For the configurations S2 and S2PM, we
calculate [55,56] a sensitivity of −0.13 as∕% relative humidity
variation and we will see below that the resulting effects are
negligible compared to the impact of T and p fluctuations.

The T and p sensitivities effective in OOL characterizations
are obtained by adding the ΔfC1−R−C1

and Δf conn sensitivities
in the respective configurations yielding

γS1T ,OOL � 1.86 fs∕K, γS1p,OOL ≈ 31.86 as∕hPa, (9)

γS2T ,OOL � 0.51 fs∕K, γS2p,OOL ≈ 4.00 as∕hPa: (10)

As the sensitivities of the individual paths given in Table 3
show, the impact of T and p variations, considered separately,
will only add up for the different paths. Hence, the OOL char-
acterization signal overestimates the frequency error of the sig-
nal extracted at the remote end for pure T or pure p variations.
A spurious mutual cancellation of noise terms in the OOL
characterization is only possible by the combined impact of
T and p variations. We will see below, however, that for the
improved configuration S2 and for the interesting averaging
times where the OOL signal starts to flicker, the typical esti-
mated impact of T dominates over p up to averaging times
of ≈3 × 104 s. Table 3 also shows that the p sensitivity mainly
results from air paths of the free-space setup. By comparison,
the single-mode fiber Corning SMF28 exhibits a temperature
sensitivity of 37 fs/(K m) [29]. This shows that the IL and
OOL T sensitivities are equivalent to uncompensated fiber
paths of only 0.5 cm and 1.4 cm in length, respectively.

4. EXPERIMENTAL ASSESSMENT

Figure 4 compares the instabilities in the different configurations
to the impact of T and p variations estimated on the basis of
Eqs. (9) and (10) and simultaneous T and p measurements.
Figure 4(a) for the S1 configuration shows that for averaging
times >1000 s the observed OOL instabilities (red) match the
estimated impact of T (green) and p (blue) variations well. In this
configuration, we observe a crossover between being T variations
limited, for averaging times between 103 s and 104 s, and being
p variations limited for averaging times ≳104 s that is reflected
in the OOL instability. From this finding and the close match
between the measured and estimated temporal OOL phase evo-
lution shown in Fig. 5, we deduce that the modeling of the envi-
ronmental sensitivities approximates the reality to a high degree.
The residual impact of T and p variations leads to a stagnation
of the observed OOL fractional frequency instability at a level
of ≈4 × 10−21 in the S1 configuration.

For the configurations S2 and S2PM, however, the impact
of p variations is greatly reduced due to the shortening of the air
path between the retro-reflecting mirror and the NBS. For
these configurations we observe OOL fractional frequency in-
stabilities below 10−21 for averaging times above 5 × 104 s. For
the S2PM configuration, we have achieved a significantly
reduced short-term instability at averaging times <100 s.

Table 2. Materials Properties Used for the Calculation of the Environmental Sensitivities (Operating Conditions:
λ � 1542 nm, T � 20°C, p � 1004.04 hPa, 0% Relative Humidity, 450 ppm CO2 Concentration)a

Material Element n ∂n∕∂T [10−6 K−1] α [10−6 K−1] ∂n∕∂p [10−9 hPa−1] κ [107 hPa]

N-BK7 [50] NBS 1.50075 0.85310 7.10 ≈1.76 [51] 46.5
Corning 7980 [52] PBS 1.44408 9.4893 0.52 ≈1.76 [51] 35.9
UV fused silica [53] Base 0.55 37.2
Quartz [54] λ∕4 1.52778 (o) −5.6 (o) 12.4 1.03 (o) ≈38.3 at

1.53629 (e) −6.7 (e) 1.075 (e) 589 nm
Stainless steel Bench 10 160
Air [55,56] 1.00027 −0.91049 265.19

aα � L−1 × ∂L∕∂T is the coefficient of thermal expansion and κ is the bulk modulus.

Table 3. Environmental Sensitivity γχ of different Paths at
Operation Wavelength λ � 1542 nm

Quantity Path γT [fs/K] γp [as/hPa]

Δf C1−R−C1
∕2 PBS–HR–PBS 0.18 ≈0.01

Δf S1
conn PBS–NBS–fiber end 1.68 31.85

Δf S2
conn PBS–NBS–PR 0.33 3.98
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While switching from the S2 to the S2PM configuration, we
observed that this reduction mainly resulted from using a PM
fiber connection between the source laser and the entrance of
the interferometer setup. An additional improvement of the
short-term instability below averaging times of 4 s has been
achieved by enhancing the signal-to-noise ratio of the beats.
The S2 and S2PMmeasurements also show a larger discrepancy
from the estimates of the impact of T and p variations than the
S1 measurement. This is observable in the instabilities in
Figs. 4(b) and 4(c) and also in the time traces (not shown),
which hints to uncharacterized OOL processes not described
by the material response (see discussion below).

In the S2PM configuration we have performed several mea-
surement runs to analyze the statistics of its performance.

Figure 6(a) shows the observed instabilities and compares these
to the results of Akatsuka et al. [36], Cantin et al. [37], and to
the instability contribution of the stabilization electronics. The
instability of the OOL signal displays a reproducible behavior
for averaging times <100 s, with a spread in the results below a
factor of 2. Measurements with shorter gate time (not
displayed) show a modADEV progression proportional to
τ−3∕2 for averaging times between 10−3 s and 10−1 s and a
shoulder-like contribution setting in around 1 s in configura-
tion S2PM (≈0.5 s for configuration S2). The OOL phase
noise density in Fig. 6(b) (Symmetricom 5125A) shows that
the latter contribution results from a steep phase noise increase
below 1 Hz. We checked that neither the tracking filters [or-
ange trace in Fig. 6(b)] nor the combination of analog phase-
frequency comparator and proportional-integral controller
[gray trace in Fig. 6(b)] is responsible for this phase noise
contribution.

For longer averaging times, the OOL instabilities in
Fig. 6(a) again exhibit a stagnation at a level understandable
by the T variations (green curves). In the future, an improved
passive and active T stabilization may enhance the results in this
range. For averaging times between 103 s and 5 × 104 s, the
estimated p-induced instabilities (blue curves) are approxi-
mately a factor of 10 below. This shows that a mutual complete
cancellation of T and p is not present in these measurements.

The OOL instabilities we obtain are up to averaging times
of 200 s below the best reported interferometric OOL charac-
terization noise floors so far. For longer averaging times, only
the interferometric noise floor of the multi-branch frequency
distribution systems [36,37] shows comparable low instabil-
ities: while the result of Akatsuka et al. [36] shows an instability
at the lower edge of the range we observe, the result of Cantin
et al. [37] levels off due to T variations a factor of ≈5 below our
average performance. Both results, however, are essentially the
inter-branch comparison of compact interferometric ensembles
designed to maximize the inter-branch common-mode noise
rejection [36,37] and, hence, quantify the uncertainty of the
multi-branch frequency distributions system. When a pair of

(a) Configuration S1

(b) Configuration S2

(c) Configuration S2PM

Fig. 4. Comparison of the instability of the OOL signal (red) to the
estimated contributions of T variations (green) and p variations (blue)
of the longest measurement runs in each of the three configurations.
Temperature variations have been measured using a PT100 T probe
close to the monolithic assembly as shown in Fig. 3(c). The light
and dark gray curves display the instabilities of the IL signal and the
servo AOM drive frequency, respectively. The latter can be interpreted
as the frequency instability of the fiber connections. Air pressure data in
(a) and (c) stem from a barometer placed in a neighboring laboratory
in the same building at PTB. In (b), due to unavailability of data from
the PTB barometer, air pressure data from the climate station of the
Department of Hydrology and River Basin Management of Technical
University Braunschweig have been used, which is ≈6 km apart. At
times of overlapping operation, we have observed matching p instabil-
ities of both barometers for averaging times τ > 1000 s. This shows that
the exact placement of the barometer is of minor importance for the
assessment of the potential impact of p in the OOL characterization.
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Fig. 5. (a) As an example, typical T and p variations in our lab. The
data are the same as underlying Fig. 4(a). (b) Together with the T and
p sensitivities from Eq. (9) one observes a close match of the measured
OOL phase evolution with the estimated one for the S1 configuration.
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those branches are used for dissemination and OOL characteri-
zation, this inter-branch comparison signal does not necessarily
quantify the frequency transfer error to a remote place at the
same uncertainty level due to common-mode rejection.
Interestingly, the instability Cantin et al. [37] report after com-
pensating for the measured T variations falls significantly below
the estimated impact of p variation on our 4.5 mm long OOL
air path. Assuming a similarly long air path of the interferomet-
ric ensemble and expecting long-term p variations to be com-
parable in Paris and Braunschweig, this also indicates a high
degree of common-mode rejection.

Figure 7 shows the OOL fractional frequency transfer un-
certainties in several measurement runs for Π and Λ averaging.
For 25 out of the 28 measurement runs shown in Fig. 7(a), the
observed fractional frequency uncertainties are below
2.7 × 10−21 with the offsets exceeding 1.0 × 10−21 in only three
(Π-averaging) and two (Λ-averaging) cases (see dotted line).

The observed OOL frequency offsets are also compatible with
zero within 1σ (σ being the statistical uncertainty contribution)
for 27 (Π-averaging) and 25 (Λ-averaging) out of the 28 mea-
surement runs. The observed offsets are therefore roughly a fac-
tor of 4 better than previously published inaccuracies (see
Table 1).

Figure 7(b) shows the residual uncertainties after compen-
sating for the estimated impact of T and p variations. These
residual uncertainties scatter on a lower level with 22 of the
28 runs being below 1.0 × 10−21 (Λ-averaging). The zero-com-
patibility is as distinct as for the analysis without T and p com-
pensation. The 1∕σ2-weighted average of all measurement runs
in S2PM configuration is �0.23� 1.07� × 10−22 and
�2.18� 8.53� × 10−23 for Π and Λ averaging, respectively.
After compensating for the estimated impact of T and p var-
iations, these weighted averages are �1.37� 8.60� × 10−23 and
�1.08� 6.99� × 10−23, respectively. This shows, as the scatter-
ing of the individual runs, that the overall uncertainty is
reduced by accounting for the T and p variations.

However, this reduction is not pronounced, which indicates
that there are uncharacterized OOL processes with a similar
magnitude present in our system. Free-space interferometers
are susceptible to uncertainty contributions resulting from op-
tics movements and related beam pointing variations. A full
description of this effect requires integrating the electric field
interference of the two heterodyned beams over the photodiode
surface [60] including their spatial wavefronts. In our setup, the
focal length of the fiber collimator used is 7.5 mm (Thorlabs,
PAF-X-7-C) resulting in a collimated beam diameter of
≈1.4 mm for the 10.4 μm mode field diameter of the proto-
typical Corning SMF28 fiber. For such a collimation, the
Rayleigh range is zR ≈ 1.0 m. Hence, we expect the wavefront
curvature and the Gouy phase shift to play a lesser role and
expect the geometrical contributions to be dominated by

Fig. 7. (a) Π and Λ-averaged OOL frequency offsets over the differ-
ent measurement runs. The statistical uncertainty of the offsets is es-
timated by the overlapping ADEV and modADEV, respectively, at an
averaging time of τ � T d∕4 (T d , duration of the measurement run).
(b) Residuals of the OOL frequency offsets after accounting for the
estimated phase contribution of the measured T and p variations.
The light and dark gray curves display the instabilities of the IL stabi-
lization and the servo AOM drive frequency, respectively. The latter
can be regarded as the free-running fiber noise of the IFL fibers.
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Fig. 6. (a) Observed instability of the OOL signal (red curves with
varying shade) and of the estimated T (green curves with varying
shade) and p (blue curves with varying shade) variations for multiple
runs in the S2PM configuration. For comparison the instabilities pub-
lished by Akatsuka et al. [36] and Cantin et al. [37] are included. The
gray line shows the instability of the IL signal when the PD signal is
replaced by an electronic signal. (b) Typical OOL phase noise densities
for configuration S2PM and for modified setups without using
tracking filters (TFs) and using a field-programmable gated array-based
PLL [59]. The prominent phase noise peaks around 1 kHz are the
servo bumps of the IFL stabilization. The lower phase noise reduction
achieved for the blue trace compared to the orange between 10 kHz
and 1 MHz is due to the tracking filter. The phase noise feature in the
blue curve at ≈300 kHz is the servo bump of the tracking filter PLL.
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mutual longitudinal shifts of the beams and angle effects. In the
case where longitudinal shifts are assumed to be the only source
of phase disturbances, the offsets we observe would correspond
to ≤150 nm beam displacements, which does not seem to be
out of range given the mounting of optics in our setup. Such
residual OOL errors may also result from movements of the
retro-reflecting mirror, e.g., by changes of the UV curable ad-
hesive underneath. Indeed, a comparison of the observed tem-
poral phase variations with the ones estimated by T and p
variations (not shown) indicates that often the estimated T var-
iations do not completely account for the observed OOL phase
error and that on average a factor of ≈2.2 is required to min-
imize the discrepancy. Further studies have to show whether
different adhesives or making the setup more compact by fixing
the NBS, PBS, and miniaturized fiber couplers to the same
baseplate leads to a reduction of such OOL processes.

A different OOL process may result from air humidity h var-
iations in the air paths, which we have not addressed so far. By
combining the above-mentioned relative humidity sensitivity of
−0.13 as∕% with the typical relative air humidity variation mea-
surements in the same laboratory [34], we estimate the uncer-
tainty contribution of these effects to be≤5 × 10−23 for averaging
times between 103 s and 105 s. Hence, air humidity variations
can be ruled out as the source of the observed discrepancy.

Furthermore, ghost beams as, e.g., discussed in the gravita-
tional wave detection community [61–63] may contribute to
the OOL signal. In our setup relevant ghost beams have to be
polarized orthogonal to the outgoing signal. Hence, residual
reflections of AR coatings in the linearly-polarized beam path
are of lesser importance. However, there are two relevant ghost
beam sources: first, backreflections or Rayleigh backscattering
with orthogonal polarization in the path between the Faraday
rotator and servo AOM. Rayleigh backscattering strength lies in
the range of a few ppm per meter [62]. This may result in a
ghost-beam-induced phase error ϕerr � asp∕a sin ϕsp [62] (a,
amplitude of the signal; asp, ϕsp, ghost beam amplitude and
phase, respectively). The induced fractional frequency uncer-
tainty contribution depends on the dynamics of the phase
of the ghost beam. In the worst case of a π-rotation of ϕsp over
the measurement time t, the uncertainty contribution is
≤5 × 10−18∕�t∕s�. A similar calculation for the estimated
40 dB power return loss of the AOM gives an uncertainty es-
timate of ≤1.7 × 10−17∕�t∕s�. The second ghost beam source is
light that is transmitted through the PR mirror and that is then
reflected by the NBS. This ghost beam can make a second
round through the IFL leading to a beat at the same round-trip
frequency as the IL beat. From the spurious beats in the mea-
sured signals, we estimate spurious signal contribution of at
least 30 dB below the IL stabilization beat leading to an esti-
mated uncertainty contribution of ≤5 × 10−17∕�t∕s�. These es-
timations show that, for the typical duration of the continuous
measurement runs of ≥50 ks, the estimated uncertainty con-
tribution is on a relevant level of ≤1 × 10−21. In the future,
the ghost beam uncertainty contribution can be further mini-
mized by using, e.g., a PBS instead of an NBS as the element
tapping of input light for the OOL measurement.

Finally, the uncharacterized OOL processes may result from
electronic contributions, e.g., via the temperature dependence

of the components. We estimated the electronic noise contri-
bution of the control loop by deriving a surrogate for the photo-
diode signal from a commonly referenced synthesizer and
connecting the voltage-controlled oscillator (VCO) output
to the OOL signal tracking filter input [see Fig. 3(a)]. The gray
curve in Fig. 6(a) shows that the instability of this signal is more
than 1 order of magnitude below the observed OOL signal in-
stabilities. Hence, electronic components within this loop can
be ruled out as a possible cause, so that only processes in the
photodetectors remain as the possible origin.

5. CONCLUSIONS

We have presented a compact, free-space interferometer layout
for OOL characterization that uses an optically contacted,
monolithic assembly for the reference arm rendering it robust
against external disturbances and misalignment. Using this
interferometer layout, we improve the OOL characterization
resolution in fiber-based frequency transfer to ≤2.7 × 10−21.
The temperature sensitivity of the OOL signal path is greater
than that of the reference arm, so that the OOL signal quan-
tifies the maximum remote place frequency transfer error in-
duced by sender side temperature variations. Estimations of
the impact of temperature and pressure variations based on
the properties of the materials involved are close to the observed
out-of-loop characterization signal variations. This opens up
the possibility of post-correction for these error sources
[30,37], while further studies have to elucidate the origin of
the observed discrepancies below the 10−21 level.

In the current implementation the temperature sensitivity
has been limiting for averaging times of 1000 s and longer.
In the future, this constraint can be lowered further with
refined layouts (see Appendix A) and active temperature
stabilization.

We believe this research will stimulate further advances in
lowering the uncertainty of optical frequency transfer and
analysis of its fundamental limitations, and it will prove valu-
able for applications such as chronometric leveling between two
non-laboratory sites.

APPENDIX A: STRATEGIES FOR FURTHER
REDUCING THE ENVIRONMENTAL SENSITIVITY

In this appendix, we address how the system performance can
be further improved in the future.

One strategy to minimize the external parameter sensitivity
of the IL and OOL signals could be to use glasses with less T
sensitivity γT ∕L of the optical path length, e.g., in an all-dielec-
tric design by optically contacting the NBS and PR mirror to
the monolithic assembly. Figure 8 shows the temperature sen-
sitivities γT ∕L for different optical glasses from prominent glass
manufacturers. The comparison with the temperature sensitiv-
ity γ�S2�T ,OOL∕L shows that there is no glass with bulk T sensitivity
lower than the compound sensitivity of our interferometer in
S2 configuration. Hence, in order to make progress beyond our
results, the optics sizes have to be decreased in such an all-
dielectric design. Future investigations have to show whether
optical contacting of smaller optics is feasible.

A different strategy could be to render the whole system
athermal combining different material properties. For instance,
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this could be achieved using discrete optical elements attached
to a common baseplate to engineer the baseplate materials such
that its length change with temperature compensates for the
negative temperature sensitivity γ�air�T of the air paths.

We performed an analysis based on the assumption that the
temperature-induced expansion of the two-dimensional base-
plate is homogeneous. This analysis shows that well accessible
materials such as fused silica variants like Corning 7980 listed
in Table 2 or the Fe-36Ni metal alloy [64] match the relative T
sensitivity of air quite well. Hence, it seems feasible that T sen-
sitivities of jγ�discrete�T j∕L ≤ 1.4 fs K−1 mm−1, i.e., more than an
order of magnitude lower than for S2, can be reached.

The comparison with estimated impact of T and p variations
in Fig. 4 shows that, for a factor of 10 lower T sensitivities, the p
sensitivity is expected to become dominating. The impact of p
variations can only be mitigated by evacuating the interferom-
eter. While adding technical complexity, we estimate that an-
other factor of 4 improvement to a T sensitivity of
jγ�evacuated�T j∕L ≤ 0.35 fs K−1 mm−1 for an evacuated interfer-
ometer with discrete optics mounted on a baseplate made from
an ultralow expansion glass or ceramics is viable.
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