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Optical clocks provide ultraprecise frequency references that are vital for international metrology as well as for tests of
fundamental physics. To investigate the level of agreement between different clocks, we simultaneously measured the
frequency ratios between ten optical clocks in six different countries, using fiber and satellite links. This is the largest
coordinated comparison to date, from which we present a subset of 38 optical frequency ratios and an evaluation of
the correlations between them. Four ratios were measured directly for the first time to our knowledge, while others had
significantly lower uncertainties than previously achieved, supporting the advance toward a redefinition of the second
and the use of optical standards for international time scales.
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1. INTRODUCTION

Frequency is the physical quantity that can be measured more
precisely than any other. This places optical atomic clocks, with
uncertainties at the 17th and 18th digits, among the best tools
for probing fundamental physics, such as general relativity [1,2],
variations of fundamental constants [3,4], and searches for dark
matter [5-8], as well as applications, such as relativistic geodesy
[9-11]. Optical clocks are also candidates for redefining the second
in the International System of Units (SI) [12], replacing the lower-
accuracy Cs-based standards that are currently used, and enabling
the transition to optical time scales [13-10].

Today, a growing number of optical clocks are available
worldwide, based on several different atomic species. If oper-
ated together, they could provide an extremely powerful asset for
the applications above. However, clocks in different countries are
mostly compared via satellite techniques, which introduce uncer-
tainties up to 100 times larger than from the clocks themselves,
thus compromising the effort. Frequency distribution with optical
fibers has already enabled non-local comparisons, with the links
contributing lower uncertainties than the clocks (<1 x 107'8).
So far, however, only a few accurate comparisons with more than
two optical clocks running simultaneously have been carried out,
at best involving clocks in two or three different locations and
sometimes revealing discrepancies greater than the estimated
uncertainties [6,17-19].

Measurement campaigns comparing at least three clocks simul-
taneously and employing more than one-link technique can be
far more insightful than the mostly pairwise comparisons carried
out to date. Although significantly more complex to carry out,
coordinated campaigns with multiple clocks enable a large number
of optical frequency ratios to be measured simultaneously. This
allows consistency checks, enabling systems that are not operating
correctly to be identified and eliminated, which is not possible with
only two clocks and a single link.

The need for more extended clock comparison campaigns
in view of the redefinition of the second, targeted for 2030, has
also been recognized by the international metrology commu-
nity, which has defined a roadmap with mandatory criteria that
must be achieved [12]. The criterion that is currently the least
well advanced is the validation of optical frequency standard
uncertainty budgets, which requires more clock comparisons
to demonstrate that systems are operating within their expected
uncertainties.

Here, we report on the largest coordinated international com-
parison of optical clocks to date. As shown in Fig. 1(a), ten optical
clocks in six different countries were compared simultaneously.
The frequency comparisons were carried out over optical fiber and
satellite links, and an overview of the measurement campaign is
presented in Section 2. The data analysis is described in Sections 3
and 4, with the results discussed in more detail in Section 5. When
presenting frequency ratios derived from multiple clocks running
simultaneously, it is also important to take account of correlations
because the ratios are not entirely independent of each other.
Section 6 considers the sources of correlation in the results and
evaluates the correlation coefficients between different frequency
ratios. The main conclusions are summarized in Section 7.

In addition to providing datasets for tests of fundamental
physics, we anticipate that the results from such a large-scale
comparison will be a much-needed addition to the body of inter-
national clock comparison data. This is used in the calculation
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Fig. 1. Overview of the clock comparison campaign: 10 optical clocks
in six different countries were compared over 45 days. (a) Map of the links
and geographical distribution of the clocks. Optical fiber links (blue solid
lines) connect LNE-SYRTE with INRIM (1023 km) and LNE-SYRTE
with PTB (1370 km), resulting also in a connection between INRIM and
PTB. All institutes are connected by GNSS (orange dotted lines). The
LUH In" clock is located on the PTB campus. Local comparisons are
carried out between the two clocks at NPL and between the four clocks at
PTB/LUH. (b) Uptimes of the clocks during the campaign. (c) Uptime
of the international fiber links and the IPPP evaluation period for all the
comparisons made via GNSS links. Uptimes are represented as colored
regions as a function of time from Modified Julian Date (M]JD) 59630
(February 20,2022) to MJD 59675 (April 6, 2022).

of recommended values for standard frequencies [20], allow-
ing optical frequency standards to contribute to International
Atomic Time (TAI) as secondary representations of the SI
second. Furthermore, the uncertainties and consistency of mea-
sured frequency ratios will influence the choice of which optical
transition(s) should be used in the new definition of the SI second.
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Table 1. Clocks Participating in the Measurement Campaigna

Institute Clock Identifier Link ug URRS 7 Ref.
INRIM, Italy 171Yb IT-Yb1 Fiber and GNSS 20 2.7 30 [27]
LNE—SYRTE,b France 87Sr SYRTE-Sr2 Fiber and GNSS 17 3.0 58 [28]
LUH,’ Germany st PTB-Inl Fiber and Local 2.5 2.4 - [29]
NMIJ, Japan 71y NMIJ-Yb1 GNSS 110 6.0 100 [7,30]
NPL, UK 87Sr NPL-Sr1 GNSS and Local 22 2.7 49 [31]
NPL, UK 171yp* (E3) NPL-E3Yb+3 GNSS and Local 3.2 2.5 49 [32]
PTB, Germany 87Sr PTB-Sr3 Fiber, Local, and GNSS 3.0 2.4 10 [33]
PTB, Germany 71yb+ (E2) PTB-YbIE2 Local 26 - - [3]
PTB, Germany 171yh+ (E3) PTB-Yb1E3 Fiber, Local, and GNSS 2.7 2.4 10 2]
VTT, Finland 88gr+ MIKES-Sr+1 GNSS 10 2.4 10 [34]

“For each clock, the means of comparison are shown as well as the estimated fractional uncertainties (10~'%) associated with systematic frequency shifts of the clock,

uy, the relativistic redshift correction to the reference potential Wj, uggs [18,35], and the radio frequency (RF) distribution chain for GNSS comparison, #, (not rel-

evant for fiber or local comparisons).
’LNE-SYRTE is now called LTE (Laboratoire Temps-Espace/LNE-OP).
‘LUH clock is located on the PTB campus.

2. OVERVIEW OF THE COORDINATED
INTERNATIONAL COMPARISON

As part of a European collaborative project, ROCIT [21], a coor-
dinated comparison of optical clocks was carried out over 45 days
in 2022 involving partners in Finland, France, Germany, Italy,
and the UK, alongside collaborators in Japan; see Fig. 1(a). Table 1
shows the ten optical clocks that were compared, along with the
estimated systematic uncertainties for each clock. The lowest clock
uncertainties, #p, were at the fractional frequency level of just a few
1078, Ideally, frequency transfer links that do not introduce any
appreciable uncertainty into the measurements should be chosen
and so, where possible, the clocks were compared either locally (at
NPL and PTB) or else connected via international optical fibers
that have been shown to support comparisons at the 107!% level
and below [22-25]. For comparisons between clocks where fiber
links were not available, the frequency transfer was carried out
via Integer Precise Point Positioning (IPPP) [26], making use of
Global Positioning System (GPS) data. However, since the IPPP
technique is applicable to any Global Navigation Satellite System,
the general term GNSS is used in the following. The operational
times with valid data, also known as uptimes, for all the clocks and
links are presented in Figs. 1(b) and 1(c), showing 45 days starting
from the Modified Julian Day (M]JD) 59630 (February 20, 2022).

3. CLOCK COMPARISONS VIA FIBER LINK

The European network of phase-stabilized fiber links connects
the optical clocks at NPL in the UK, SYRTE in France, PTB in
Germany, and INRIM in Italy [22,24,25,36]. The network com-
prises thousands of kilometers of optical fibers, partly shared with
internet traffic, in a star-like topology with the Paris area acting
as a central node. For this comparison, the SYRTE-PTB and
SYRTE-INRIM links were operational, with connections at the
French—German and French-Italian borders in Strasbourg and
Modane. The network enabled clocks at PTB and INRIM to be
compared for the first time via a fiber link, which is 2370 km long,.
In France, the network uses the national research infrastructure
REFIMEVE [24,37], and in Italy, it uses the Italian Quantum
Backbone (IQB) national network [38]. The SYRTE-NPL link
was not available at this time due to missing connections in both
the London and Paris sections of the fiber. Each link in the network

is equipped with repeater laser stations [39] and bidirectional
erbium or Brillouin amplifiers for signal recovery [23]. Each span
of the link is characterized by establishing a second independ-
ent link. The uncertainties introduced by the optical links reach
<1 x 1078 after 1000 s of averaging time and are negligible
relative to that of the clocks.

Data from the optical clocks and fiber links were recorded every
1 s, synchronized to a local realization of Coordinated Universal
Time (UTC), with the uptimes shown in Fig. 1. The average
frequency ratios were calculated as the mean over all valid data
points, and the results are shown in Table 2. The data recording and
analysis followed the universal formalism introduced by Lodewyck
etal. [40].

The uncertainties on the frequency ratios in Table 2 include
both statistical and systematic uncertainties, with the systematic
contributions from each clock shown in Table 1. Since the clocks
have different heights in the Earth’s gravity potential, it is neces-
sary to take account of the relativistic redshift (RRS) of the clock
frequencies [41]. For remote clock comparisons, the differential
shift is obtained from differencing the RRS of the two clocks,
which are measured relative to an absolute reference potential that
is close to sea level and defined to be W, = 62636856.00 m? s—2
[18,35]. The uncertainty of the differential shift is obtained from
the values uggs for each clock, as shown in Table 1. For local clock
comparisons, the differential shift is derived from the height dif-
ference, which can be measured more directly, and its uncertainty
is smaller. For PTB Yb" (E2), which is involved only in the ratio
against PTB Yb'(E3), the #ggs uncertainty is omitted because
there is no relativistic redshift, as both transitions were measured in
the same ion.

The statistical uncertainties were obtained from the observed
white-frequency noise contribution to the Allan deviation that was
evaluated for each ratio. We observed day-to-day scatter in some
frequency ratios greater than expected based on the white noise
contribution alone. To account for this, we calculated the Birge
ratio (square root of the reduced chi-squared) from the averages in
daily bins (see Supplement 1 for details). As is commonly done, the
statistical uncertainty was then inflated by the Birge ratio.


https://doi.org/10.6084/m9.figshare.29041466
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Table 2. Summary of the Frequency Ratios Measured in this Campaign, Shown with the Estimated Uncertainties
for Each Measurement®

Frequency Ratio with Total Total Fractional
No. Uncertainty in Parentheses Uncertainty Link Clock 1 Clock?2
1 1.973773591 557 215 789(9) 44 x 10718 Local LUH In* PTBYb*(E3)
2 2.445 326324126950 199(58) 2.4 x 1077 Fiber LUHIn* INRIM Yb
3 2.952748749 874 860 909(15) 5.1 x 10718 Local LUH In" PTB Sr
4 2.952748749 874861 332(72) 2.4 x 1077 Fiber LUH In* SYRTE Sr
5 1.072 007 373 634 205 468(29) 27 %1077 Local PTB Yb* (E2) PTB Yb* (E3)
6 1.238 909231 832259 569(26) 2.1x 107" Fiber PTB Yb* (E3) INRIM Yb
7 1.495991 618 544 900 525(36) 2.4 x 1077 Local NPLYb*(E3) NPL Sr
8 1.495 991 618 544 900 659(8) 5.4% 10718 Local PTB Yb* (E3) PTB Sr
9 1.495991 618 544 900 897(32) 2.1x 107" Fiber PTBYb*(E3) SYRTE Sr
10 1.207 507 039 343 337 793(26) 2.2 x 1077 Fiber INRIM Yb PTB Sr
11 1.207 507 039 343 337 981(36) 2.9 x 1077 Fiber INRIM Yb SYRTE Sr
12 1.000 000 000 000 000 146(21) 2.1x 1077 Fiber PTB Sr SYRTE Sr
13 0.999 999 999 999 999 80(28) 2.8 x 10716 GNSS NPLYb*(E3) PTB Yb*(E3)
14 1.238909 231 832259 82(37) 3.0 x 10716 GNSS NPLYb*(E3) INRIM Yb
15 1.238909231 832259 18(45) 3.6 x 1071¢ GNSS NPLYb*(E3) NMIJ Yb
16 1.238909231 832260 04(11) 8.8 x 1077 GNSS PTBYb*(E3) INRIM Yb
17 1.238909 231 832259 60(20) 1.6 x 10716 GNSS PTBYb* (E3) NMIJ Yb
18 1.443 686489 498 354 68(51) 3.5 x 1071 GNSS NPL Yb*(E3) VTTSr*
19 1.443 686489498 354 89(17) 1.2 x 10716 GNSS PTBYb* (E3) VTTSrt
20 1.495 991 618 544 900 59(56) 3.7 x 10716 GNSS NPL Yb* (E3) PTB St
21 1.495 991 618 544 900 66(48) 3.2x 1071 GNSS NPL Yb*(E3) SYRTE St
22 1.495991 618 544 900 51(25) 1.7 x 10716 GNSS PTBYb*(E3) NPL Sr
23 1.495 991 618 544 900 94(15) 1.0 x 10716 GNSS PTB Yb* (E3) SYRTE St
24 0.999999 999 999 999 65(18) 1.8 x 1071¢ GNSS INRIM Yb NMIJ Yb
25 1.165 288345913 157 59(18) 1.6 x 10716 GNSS INRIM Yb VTT Srt
26 1.165288 345913158 03(31) 2.7 x 10716 GNSS NMIJ Yb VTTSrt
27 1.207 507 039 343 337 30(23) 1.9 x 10716 GNSS INRIM Yb NPL Sr
28 1.207 507 039 343 337 33(13) 1.1 x 10716 GNSS INRIM Yb PTB Sr
29 1.207 507 039 343 337 52(16) 1.3 x 1071 GNSS INRIM Yb SYRTE Sr
30 1.207 507 039 343 337 74(33) 2.7 x 10716 GNSS NMIJ Yb NPL Sr
31 1.207 507 039 343 337 82(21) 1.8 x 10716 GNSS NMIJ Yb PTB Sr
32 1.207 507 039 343 338 03(24) 2.0 x 10716 GNSS NMIJ Yb SYRTE Sr
33 1.036 230254 578 831 95(24) 2.4 x 10716 GNSS VTTSr* NPL Sr
34 1.036 230 254 578 832 29(26) 2510716 GNSS VTT Srt PTB St
35 1.036230 254 578 832 33(21) 2.0 x 10716 GNSS VTT Srt+ SYRTE Sr
36 1.000 000 000 000 000 08(24) 2.4 x 10716 GNSS NPL Sr PTB Sr
37 1.000 000 000 000 000 10(23) 2.3 %1071 GNSS NPL Sr SYRTE Sr
38 1.000 000 000 000 000 14(12) 1.2 x 10716 GNSS PTB Sr SYRTE Sr

“Itis likely, however, that some of the frequency ratios have significantly larger uncertainties than the estimates shown here. See Section 5 for further discussion of dis-

crepancies seen in the ratios measured via GNSS with INRIM as well as ratios involving SYRTE Srand PTB Sr.

4. CLOCK COMPARISONS VIA SATELLITE LINK
A key challenge in comparing clocks via IPPP links is that con-

tinuous phase measurements are needed in order to average down
the link noise as 1/7, where 7T is the measurement time. The
optical clock data, however, contained gaps of varying lengths,
as shown in Fig. 1. Hydrogen masers (HMs) were therefore used
as flywheels and were compared continuously over the IPPP link
during the selected analysis intervals. The optical clock versus
maser frequency ratios were then evaluated and extrapolated across
optical clock downtimes, which introduces an additional uncer-
tainty contribution. This extrapolation uncertainty was evaluated
using the Fourier transform method [42], where the uncertainty
is obtained from the modeled power spectral density of the maser
and the Fourier transform of a weighting function that depends on
the uptime of the clock and the analysis interval. For this, a noise

model for each HM used for extrapolation was estimated using
optical clock versus HM data from the campaign and/or prior
information; see Supplement 1.

The exact measurement configuration varied between
institutes. At VTT, the optical clock was measured against a
free-running HM, which was also used as a reference for the GNSS
receiver. In the other institutes, the receivers were referenced to the
local UTC(#) realization, and if the optical clock was measured
against a free-running HM, an additional HM-UTC(k) measure-
ment was used to complete the frequency chain between the clock
and the receiver. All data were provided in the 30 s binned format of
the GNSS RINEX (Receiver Independent Exchange Format) files
and IPPP solutions.

When a clock was measured against a free-running HM, the
frequency at the center of the analysis interval was obtained by cor-
recting the mean frequency using the HM drift and the difference


https://doi.org/10.6084/m9.figshare.29041466
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between the interval center and the barycenter of the data. The
drift was estimated from a linear fit to all valid clock versus HM
data.

The Bureau International des Poids et Mesures (BIPM) car-
ries out IPPP processing for several of the involved receivers on a
regular basis, but additional receivers were used in the analysis for
this measurement campaign to allow a common-clock receiver
comparison for each institute. This enabled issues with phase steps
or excursions in the solutions to be revealed. By comparing both
receivers at a given institute against a remote receiver/HM, one
can also identify which receiver suffered the phase issue. Where
available, a receiver without issues was selected for the analysis.
Otherwise, care was taken not to extrapolate over phase issues.
Similarly, extrapolation over steep phase ramps in the masers was
avoided. If varying the analysis interval changed the frequency ratio
by a significant fraction (2 50%) of the estimated extrapolation
uncertainty, this was taken as a sign of undesirable maser behavior,
and extrapolation was avoided.

For IPPP, a link frequency transfer uncertainty (FTU) of
1 x 1071%/(T/d) was used, where T is the time measured in
days (d). This is an empirical, conservative estimate that has been
validated for up to ~100 days [43—45]. This includes the effect of
typical temperature coefficients of the GNSS equipment as well
as unidentifiable systematic effects. If a piece of equipment has a
particularly large temperature coefficient, this would be seen as
diurnal variations in the IPPP solution, which was not observed
here. Under optimal circumstances, i.e., with good receivers and
smooth tropospheric variations, the link FT'U can be slightly lower,
but this is not known 4 priori. On the other hand, worse perform-
ance can usually be identified from the quality of the IPPP solution.
For this campaign, a higher FTU of 1.3 x 107°/(7'/d) was used
for links involving the NMOD receiver (used by NMI]J during the
first half of the campaign) due to its larger residual daily bound-
ary phase steps. This value was estimated from a common-clock
comparison between the two NMI]J receivers.

The total statistical uncertainty was evaluated by adding in
quadrature the contributions from the IPPP link, the maser
extrapolation, the statistical uncertainties of the clocks, and the
maser drift uncertainties. The first two typically dominated the
total uncertainty, and the analysis intervals and thus the amount
of maser extrapolation were varied separately for each ratio to
minimize the total statistical uncertainty. As many of the clocks
had at least one longer gap in the data, and in some cases, there
were receiver and maser anomalies to avoid, most of the frequency
ratios were evaluated as a weighted mean of two analysis intervals.
For simplicity, HM and IPPP link correlations between the two
intervals for a particular ratio, separated by at least one day and in
all but one case by more than two days, were neglected to allow a
regular weighted mean to be used. The analysis of correlations (see
Section 6) justified this approach. In all cases where two intervals
were used, the two ratios agreed within their combined statisti-
cal uncertainty. Due to the higher statistical uncertainty of the
IPPP ratios, no additional statistical methods such as Birge ratios
were needed for these comparisons. Systematic uncertainties, as
shown in Table 1, were also included in the total uncertainties.
This includes the uncertainty from the radio frequency (RF)
distribution chain, #,¢.

5. DISCUSSION OF MEASURED FREQUENCY
RATIOS

The frequency ratios measured during this campaign are listed in
Table 2 and also shown in Fig. 2. Each measured frequency ratio
is plotted in the graph as a fractional offset from a reference value.
The reference values are taken from [46] and are the result of a least-
squares adjustment carried out in 2021 [20], similar to the process
used for the recommended values of physical constants [47,48].
The input of the adjustment consisted of all absolute frequency and
frequency ratio measurements published at the time. A full list of
the optimized values that are used as the reference frequency ratios
in this paper is given, along with the corresponding uncertainties,
in Supplement 1. We note that several of the reference ratios are
dominated by a single measurement with lower uncertainty than
the other measurements contributing to the reference value of that
ratio. For ratios that have not been directly measured, the reference
ratio can then be dominated by two such single measurements.

For this clock comparison campaign, we have chosen not to
present all the measured frequency ratios between every pair of
clocks in the network. Instead, we present a subset of 38 ratios,
in groups that demonstrate consistencies and identify outliers.
Each of these groups will be discussed in more detail in the sections
that follow. The remaining frequency ratios and their associated
uncertainties can all be derived from the measurements presented
here, taking into account the correlations between them.

A. Fiber versus GNSS Ratios

Five frequency ratios were measured via both fiber and GNSS
links. The ratios between SYRTE Sr and the ewo PTB clocks show
good agreement between the two link technologies. However,
GNSS-derived frequency ratios involving the INRIM Yb clock
show a discrepancy of 4 x 107'° compared to optical link results,
likely caused by an unidentified problem in the signal distribution
at INRIM, also observed in a comparison with Cs fountains [25].
Repeated tests conducted over the following months consistently
confirmed the nominal performance of the INRIM equipment,
and the origin of the problem in March 2022 has not been identi-
fied. Further comparisons between the optical link and the GNSS
link will be useful to identify the issue or confirm that it is resolved.
This serves to illustrate the importance of carrying out large, coor-
dinated measurement campaigns with multiple clocks and links
running simultaneously in order to identify and eliminate such
inconsistencies. For this particular measurement campaign, we
therefore consider the results of all the frequency ratios via GNSS
to INRIM to be unreliable.

B. Same-Transition Comparisons

The expected frequency ratio for same-transition comparisons is
1 with no uncertainty, allowing for a clear check of whether the
clocks and links are behaving as expected. This campaign allowed
for same-transition comparisons between pairs of clocks based on
St, Yb, and YbT (E3), as shown in Fig. 2.

Three different St/Sr frequency ratios were measured via GNSS
links, and the results show agreement between the Sr clocks at
NPL, PTB, and SYRTE within 1-2 standard uncertainties. As is
the case for several of the ratios measured via GNSS in this cam-
paign, the uncertainty on the comparison between PTB Sr and
SYRTE Sr is below 1.8 x 107!, thus improving upon the best
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Fig. 2.

Frequency ratios measured in March 2022 via GNSS links (blue squares), international fiber links (orange circles), and local comparisons (red tri-

angles). The error bars on the data points represent the total relative standard uncertainties for each measurement, including statistical and systematic uncer-
tainties. The gray bars show the relative standard uncertainties on the reference frequency ratios, which are obtained from the least-squares adjustment of
standard frequencies, approved by the International Committee for Weights and Measures (CIPM) in 2021 and reported in Table S1 of Supplement 1. The
right-hand axis of the plots shows the ratio ID numbers, corresponding to the rows in Table 2 that give the measured values of the frequency ratios; the ID
numbers are marked with “inv” if the ratio is inverted between the graph and the table.

previously achieved uncertainty in a satellite comparison [18].
However, the even smaller uncertainty on the fiber link compari-
son reveals a fractional frequency difference of 1.46(21) x 1071
between the PTB Srand SYRTE Sr clocks. Looking at all the ratios
involving the SYRTE Sr clock shows similar offsets and a larger
than expected level of scatter in the SYRTE clock’s frequency
during this campaign (see Supplement 1 for details), indicating an
uncontrolled frequency shift at the 1071 level. Moreover, as will
be discussed in the following subsections, the PTB Sr clock may
also have had issues during this campaign. Discrepancies between
Sr clocks have also been seen in other measurement campaigns
[19,49], but the coordinated set of frequency ratios recorded here
provides further insight.

The GNSS measurements show the NPL and PTB Yb™ (E3)
clocks agreeing within the combined relative standard uncertainty
of 2.7 x 1071, dominarted by the maser extrapolation at NPL
during downtime of the optical clock.

The Yb/Yb frequency ratio was measured directly between
the clocks at INRIM and NMIJ via GNSS. As the measurement
involved the GNSS equipment at INRIM, the result is consid-
ered unreliable. One can, however, evaluate the ratio between
the Yb clocks at INRIM and NMI]J by combining the frequency
ratios of each clock measured relative to a third clock, connected
to INRIM by fiber link. Choosing PTB Yb*(E3) as the third
clock because of its high uptime, (INRIM Yb/PTB Yb"(E3)) x
(PTBYb'(E3)/NMIJ Yb) — 1 =2(17) x 1077, demonstrating
agreement between the two Yb clocks at the level of 1.7 x 10716,

C. Different-Transition Comparisons

Frequency ratios between different clock transitions are not known
a priori so we use the reference frequency ratios, derived in the least-
squares adjustment carried outin 2021 [20], as the expected values.

1. Yb/Sr

There were two Yb clocks (at INRIM and NMIJ) and three
Sr clocks (at NPL, PTB, and SYRTE) in this campaign.
Measurements involving NMIJ Yb were carried out via GNSS
link, and the three Yb/Sr frequency ratios involving NMIJ Yb
all agree with the reference values within one relative standard
uncertainty (~2 x 10_16). Ignoring the measurements involving
the GNSS equipment at INRIM leaves two further direct mea-
surements of the Yb/Sr frequency ratio by fiber link. Both are offset
from the reference frequency ratio by more than one standard devi-
ation of their combined relative uncertainties, with the difference
between the two ratios consistent with the discrepancy between the
Srclocksat PTB and SYRTE, as mentioned above.

2. Yb+(E3)/Sr
Both NPL and PTB operated Yb*(E3) and Sr clocks in this mea-

surement campaign. By considering also the Sr clock running
at SYRTE, seven values of the Yb™ (E3)/Sr frequency ratio were
obtained. The PTB Yb" (E3) and SYRTE Sr clocks were linked
via both GNSS and fiber, and the results show good agreement
between the two different link techniques, but both ratios are
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more than two relative standard uncertainties above the reference
frequency ratio. This is again consistent with the SYRTE Sr clock
frequency being too low during this measurement campaign.
The three other Yb™" (E3)/Sr ratios derived via GNSS links are
in good agreement with the reference frequency ratio. There are
also two local measurements of Yb™ (E3)/Sr, one at NPL and the
other at PTB, which are of particular interest since the measure-
ments did not involve long-distance links between the clocks, nor
any uncertainty associated with the gravity potential difference
between NPL and PTB. The NPL measurement is consistent
with the reference value, which is based largely on earlier results
from PTB [50] using a different Sr clock from the one used here.
The PTB Yb' (E3)/Sr frequency ratio measured in this campaign
is not consistent with either of these results at the 1077 level. It
was concluded in [29], using data from further measurements,
that the PTB Sr clock frequency was likely a few 107! too low
during this campaign. However, this does not explain the discrep-
ancies in the Sr/Sr and Yb/Sr frequency ratios discussed above, as
those would increase even further if a correction were applied. It is
impossible to conclude unambiguously from the measurements in
this campaign alone whether the offset is with the PTB Sr clock or
with the reference values, so we refrain from applying additional
frequency corrections or uncertainties (unlike Ref. [29]). Repeated
measurement campaigns are needed in order to gather more data to
contribute to the least-squares optimization process and reduce the
uncertainty in the reference values.

3. Yb*(E3)/Yb

This campaign marks the first direct measurements of the
Yb*(E3)/Yb frequency ratio. If we ignore measurements involving
the GNSS connection to INRIM, we have three measures of the
Yb*(E3)/Yb frequency ratio—two via GNSS link to NMIJ Yb
and one via fiber link to INRIM Yb. The two results via GNSS
link are consistent with the reference frequency ratio, whereas the
lower uncertainty result via fiber link is offset from the reference
value by approximately twice the combined relative uncertainty
of 5 x 107", Given that the reference value has approximately
twice the uncertainty of the value measured via fiber link, this
measurement will be able to have a significant influence over the
future optimized value for this ratio.

4. Yb*+(E2)/Yb*(E3)
The frequency ratio Yb* (E2)/Yb" (E3) measured locally at PTB

agrees with the reference value, well within the combined uncer-
tainties. The PTB Yb™ (E2) clock was operated at the same time
as the PTB Yb™ (E3) clock, and the two share the same physics
package. Given that the uptimes for PTB Yb™ (E2) are highly
overlapped with PTB Yb™ (E3), ratios of the PTB Yb™ (E2) clock
with other clocks in the network can be obtained by combination

of ratioswith PTB Yb ™" (E3).

D. Ratios Involving Sr* and In*

For both Sr™ and In™, the 2021 recommended frequency values
have uncertainties above 107!, and all ratios involving these
species have correspondingly large uncertainties on their reference
values. The ratios involving St or In™ in this campaign have
therefore been plotted on separate axes in Fig. 2 with a larger scale.

It can be seen that all the measured frequency ratios involving
Sr™ are consistently offset from the reference values by a little
over 2 x 1071, However, the St ratios measured here are in
agreement with recent results in the published literature [51,52].
This strongly suggests that the recommended frequency value
for the St secondary representation of the second is offset from
the unperturbed transition frequency by approximately twice
its assigned uncertainty of 1.3 x 1071, At the time of the 2021
least-squares adjustment, no optical frequency ratios involving
St had been published, and the recommended frequency value is
strongly dominated by a single absolute frequency measurement
[53], which in light of recent results is to be considered suspect.
To date, only a single optical frequency ratio [Sr*/Yb" (E3)] has
been published [51], so this campaign has produced the first direct
measurements of the Sr™/Sr and Sr*/Yb ratios and will thus be
able to contribute to an improved optimized value in the future.

The frequency ratios involving In* in this measurement cam-
paign are all consistent with their respective reference values, but
with much lower uncertainties. We therefore expect that the data
presented here, along with related measurements in [29], will allow
the In* recommended frequency to be determined with much
lower uncertainty in the next update to the recommended values
of standard frequencies. We also note that this campaign has made
the first direct measurement of the In™ /Yb frequency ratio, with an
uncertainty justover 2 X 107",

6. CORRELATIONS BETWEEN DIFFERENT
FREQUENCY RATIOS

The frequency ratios measured during this campaign depend on
common input quantities (shared clock and link data) and are not
all independent of each other. Multivariate measurement models
require, beyond the standard uncertainties, estimates of the covari-
ance matrix [54,55]. In our case, 38 frequency ratios require the
calculation of a 38 x 38 covariance matrix or of 703 correlation
coefficients. Efforts have therefore been made to identify the non-
zero correlations and to recognize the largest common effects when
measuring optical frequency ratios [56].

The correlations between the results of this campaign are
visualized in Fig. 3 and reported in Supplement 1. We calculated
correlations from the statistical and systematic uncertainties of
each clock, including the RRS uncertainty, which was considered
strongly correlated between clocks in the same location. For the
GNSS ratios, we also considered that measurements from the
same institute share the RF distribution, the temporal correlation
of the IPPP solutions, and the correlations from extrapolation
uncertainties calculated for the same physical HM.

For local and fiber link measurements, the largest contributions
resulted from the systematic uncertainties of the clocks, which
we considered fully correlated between measurements involving
the same clock. The correlations arising from the statistical noise
of each clock depended on the temporal overlap between the two
measurements [56]. They were calculated assuming white fre-
quency noise and left unchanged by the Birge ratio expansion. The
largest resulting correlation coefficients, up to 0.94 in magnitude,
are between pairs of ratios carried out via fiber measurements with
either INRIM Yb or SYRTE Sr as the common clock in the two
ratios.

For the GNSS ratios, the extrapolation uncertainty is the source
of the largest correlations. To evaluate these, we generalized the
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Fig.3. Graphical representation of the correlation values between the ratios reported in Table 2. (a) Correlations in frequency ratios measured locally or
via international fiber links. (b) Correlations in the frequency ratios measured via GNSS frequency transfer techniques.

Fourier transform method used to calculate extrapolation uncer-
tainties [42] to calculate covariances (see Supplement 1). These
correlation coefficients have values of up to 0.80 in magnitude.

Correlations from the systematic uncertainty of the clock,
the RF distribution, and RRS were significant in particular for
ratios involving NMIJ, with correlation coefficients up to 0.75
in magnitude. Correlations between ratios involving different
clocks sharing the RF distribution and RRS uncertainty concerned
only NPL and PTB and were relatively small, with correlation
coefficients up to 0.05 in magnitude.

The IPPP link noise is dominated by flicker phase noise [45]
and thus introduces non-trivial correlation for measurements shar-
ing GNSS receivers. A model for the autocorrelation function of
the IPPP link phase noise was calculated using data from an IPPP-
fiber comparison and adjusted to agree with the frequency transfer

uncertainty of 1 x 1071°/(7/d) for intervals above 1 day (see
Supplement 1 for details). The numerical values of the correlation
coefficients from the IPPP links are up to 0.17 in magnitude.

Correlations between the frequency ratios obtained via the
GNSS links and via the fiber links were calculated to be negligible
in magnitude (<0.01) because the uncertainty introduced by
the GNSS link is much larger than the statistical and systematic
uncertainties of the clocks compared using both techniques.

Overall, the calculation of correlation coefficients allows us to
consider the results collectively rather than in isolation. This will
facilitate combining our results with future measurements, for
checking the consistency of optical clocks or for the next calcula-
tion of recommended frequency values [20], ensuring that they are
unbiased and with properly estimated uncertainties.
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7. CONCLUSION

We have carried out the largest coordinated comparison of optical
clocks to date, simultaneously comparing 10 optical clocks in six
different countries connected via fiber or satellite links. We have
presented 38 frequency ratios, including the first direct measure-
ments of four optical frequency ratios: Yb*(E3)/Yb, Int/Yb,
Sr*/Sr, and Sr*/Yb. Due to the length of the campaign, the high
uptime of the clocks, and the use of IPPP, several of the GNSS ratios
had total uncertainties below 1.8 x 1071, the lowest uncertainty
previously achieved in a satellite comparison. Additionally, the
frequency ratios involving the Sr™ and In™ clocks all had signifi-
cantly lower uncertainties than the corresponding reference values
based on the 2021 least-squares adjustment. We also evaluated the
correlation coefficients between all the measured frequency ratios,
which required new analysis methods to deal with measurements
that shared a common maser and also to deal with measurements
that relied on IPPP solutions from common GNSS data. In total,
242 non-zero correlation coefficients were computed, with 155 of
these having an absolute value greater than 0.1.

As we advance toward a redefinition of the SI second and inter-
national time scales based on optical standards, it is increasingly
important to demonstrate the feasibility of operating a network
of optical clocks. We have demonstrated agreement between
GNSS and optical fiber links over a continental scale by compar-
ing frequency ratios measured by more than one link technique.
Furthermore, we have been able to verify many of the estimated
measurement uncertainties by comparing frequency ratios that
were measured by more than one pair of institutes. In some cases,
the frequency ratios measured in this campaign have revealed
inconsistencies, indicating where caution is required in the use of
those results. Specifically, we identified that during the period of
these measurements, the signal distribution at INRIM introduced
an offset of 4 x 1071 into frequency ratios via GNSS. As was pre-
viously reported, the Sr clock at PTB may also have had an offset at
the level of a few 10717, Comparisons between the frequency ratios
in this campaign and the reference values also indicated a possible
offset in the Sr clock at SYRTE of up to 2 x 1071°, However, in
some cases, it is not clear from this campaign alone whether dis-
crepancies relative to the reference values indicate an issue with the
frequency ratios measured here or an issue with the reference values
that were themselves derived from other results in the literature.
More data from repeated measurement campaigns will be required
to resolve these ambiguities.

We anticipate that the frequency ratios reported here will con-
tribute to the global dataset of optical frequency ratios, allowing the
accuracy of reference values to be improved in the future. Having
better reference values will help to confirm when measurement
systems are operating correctly and increase confidence in the use
of optical clocks for advancing metrology as well as fundamental
physics.
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