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@ METAS

Legal basis

941.27

Loi
sur I'Institut fédéral de métrologie

- @ Section 2 Taches et collaboration (LIFM)

- @ Art. 3 Taches du 17 juin 2011 (Etat le 1¢ janvier 2013)

! L'Institut est l'institut national de métrologie de la Suisse. LAssemblée fédeérale de la Confédeération suisse,

vu l'art. 125 de la Constitution’,

2 1l a les taches suivantes:
vu le message du Conseil fédéral du 27 octobre 20107,

mettre a disposition avec la précision requise des unités de mesure reconnues au niveau international;
b. comparer, a des intervalles appropriés, les étalons a ceux des autres instituts nationaux de métrologie ou des institutions
comparables;

C. diffuser I'heure légale suisse; I

entreprendre les travaux techniques et scientifiques et les travaux de développement nécessaires, analyser, notamment, les
conséquences des techniques nouvelles et élaborer des méthodes de mesure ayant une application pratique et répondant a I'état le
plus récent des connaissances scientifiques;

exercer les tiches qui lui sont conférées par la loi fédérale du 17 juin 2011 sur la métrologie>;

participer a la coopération technique dans le domaine de la métrologie;

conseiller les autorités fédérales dans le domaine de la métrologie;

se ™mop

assurer la tracabilité des étalons des organes d'exécution cantonaux;
diffuser les unités de mesure visées 3 la let. a par des étalonnages et 3 l'aide de matériaux de référence.
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The Swiss realization of UTC: UTC(CH) O METAS

CLOCKS Measurement t Real Time data acq. system UTC(CH)
systems generation
AHM
PHM
> —p » UTC(CH)
PHM
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Cs : "
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Database Data Transfer Monitoring Internet OS Linux
server | | serice (Front end user) access Real time
(MS SQLSERVER) C sharp (c#) =
‘ D FTP/SFTP data
transfer
A?:,; NATE Alarms and
events for ART
8 Windows E8 Windows &) Windows

Physical signals:

10 MHz | AN

A 5-6 atomic clocks
A Full redundancy guarantees continuity even in case of critical failures
A GNSS receivers and a TWSTFT station for international time comparison
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FOCS-2: Caesium Fountain Clock U METAS
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Federal palace @ METAS
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International UTC comparison via satellite

TWSTFT Antenna
Two-way satellite time-frequency
transfer
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UTC(CH) over the last 20 years ¥ METAS

A Today, UTC(CH) is typically within 1 nanosecond in agreement with UTC

UTC to UTC(CH)

2009 20M 2013 2015 207 20119 2021 2023 2025
= LITC UTCCH
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Overview: T/F Dissemination O METAS
. |WhiteRabbit |Optical frequency dissemination |

Performance Synchronicity Fractional frequency stability
A < 0.1 nanosecond A 1013 short term
Uncertainty from UTC(CH) A 10715 Jong term
A ~ 0.5 nanosecond A 101link limit
Network load CH84+85 (1590 nm +1591 nm) CHO7 (1572.07 nm)
Stakeholders Industry Industry
A Clock/watch industry, fintech, telecom, A Atomic clock manufacturers
Defense, PNT, public transport A Laser industry
A General: companies that require resilience Research
for GNSS receivers A Fundamental physics
Research A Precision spectroscopy
A Information technology A Geophysics

A Astrophysics
A Large-scale facilities

Initial push Industrial (finance, defense) Scientific (precision spectroscopy)
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White Rabbit network

nT DIiSTone Dissemination



Result Vv METAS
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MJD /d Integrated time 1/ s
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U Total span of 491 km

Jallageas et al., JOCN,

.. . . . : : Vol. 17, Issue 7, 631-637, 2025
U Multiplexed into Switch telecommunication network 10.1364/70CN 560593

U DWDM L-band, spectrally separated from data traffic
U Total uncertainty of disseminated UTC(CH): -84 +/- 415 ps
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Swiss optical frequency metrology network

2.0 x 10° — A — B (c) EDFA emission spectrum
A Dissemination optical reference frequency to gorscaofamr " nkon TG g e LE o et
academic institutes via fiber network g 2510 - : T : T g 157208mm—"
A ETH Zurich | [ :
A University of Basel g ‘ : ‘ :
3 0.02 {cHs0.5 link on .
A Traceable to Sl second : 0_00_5...11&5]@.&&.“.,&&.1@...._..&&.Mﬂlgm
A optical Y maser Y UTC(C 20 a2 w2 % Aom)

Date 2021-Feb
A Todayodés users
A Prof. Stefan Willitsch (UniBasel)
A Prof. Frédéric Merkt (ETHZ)

A Main application: referencing lasers used in
precision spectroscopy lasers

(b) Network layout  university of Basel
Bidirectional i
Management Device .ﬁ'«fifi%f‘

PoP-BASEL

A Network implementation:

Optical signal in L-band ITU-T Channel 07 (190.7 THz)
DWDM network architecture, shared with data traffic
Bidir EDFAs optimized for L-band

Active noise suppression by phase noise cancellation,
provided by INRIM

To Do Do Io

Figures from D. Husmann et al., Opt. Express 29 (2021) 24592-24605
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Swiss optical frequency metrology network

X< University
/XN of Basel

H
; TT0 0T TH-
oo WL

SWITCH
T g oj oo
U METAS v ETHzurich
Operating wavelength 1572.06 nm
ITU-T Channel CHO7
Total length 456 km
# Segments 3
# Bidir EDFA 2/2/3
Geodata Source: Bundesamt fiir Landestopografie # Regeneration stations 2 (Basel, Zurich)
Map created using the Free and Open Source QGIS
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Fiber sensing




Phase noise cancellation

A Fibers act as microphones &
€ picking up noise from environment (temp:
Causes variation of optical path length and thus phase

Distorts the stable frequency at the recipient end

Jo To To T

- Requires phase noise read-out and compensation

000000
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Time scales of observed processes

d

Temperature Seismic Anthropogenic

AL LT

Fourier Frequency

Slow 0.001 Hz 1 Hz 10 Hz

BTFS Workshop 2026 Bruxelles

100 Hz

Fast

11.03.2026

24



Time: 0.18 s

Signals on the fiber: seismic

Seismic signals
Sept 10, 2022: Mulhouse Earthquake Mag 3.9

Prof. Andreas Fichtner

g 800+ bs
:%J 4004 4 ——
£ ! —
e 0 0= }S‘or‘msl:‘;\.nv Noe - \
- = I'm a PhD student in the Seismology
B I and Wave Physics group at ETH Zurich.
T 00 == ’ -
= Earthquake =
= 800+ - . .
o — = - — o Sebastian Noe (check out youtube movie!) ‘-5e-°3§
UTC time on 10 September 2022 httDS//WWWVOUtU becom/WatCh')V:VFkPJ-S BEQS 0.001 é
' [0
A Simulate impact on fiber, based on 1-D seismic velocity model S
A Quantitative agreement between model and data T3
p R " Tof
V 2 =—— e 00 x+m:§
Article  Open access = Published: 26 August 2023 2 - - e

Long-range fiber-optic earthquake sensing by active
phase noise cancellation period band

g

— observed Av(f) [Hz]
7-25s — simulated Av(7) [Hz)

Sebastian Noe, Dominik Husmann, Nils Miiller, Jacques Morel & Andreas Fichtner &

Earthquake source inversion by integrated fiber-optic T I NN Y
sensing 3*105’N0\/QW0W%“ B

LS

0 10 20 30 40 50
time si t[s
Nils Mueller (' !, Sebastian Noe (' !, Dominik Husmann ) 2, Jacques Morel () 2, Andreas Fichtner (© * ! ime since event [s]

1Dep,:-lrtmem of Earth Sciences, ETH Zurich, Zurich, Switzerland, 2Swiss Federal Instituta of Metrology, METAS, Bern, Switzerland
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https://www.youtube.com/watch?v=vFkPJ-SBe9s
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Frequency correction : time resolved spectrum

Frequency correction time traces e mm —mm wmow e

0000000

A 500 sps -> 50 sps

VpnC

A Short time Fourier transfrom: 22 min window

Frequency (Hz)

Aug 1 Aug 2 Aug 3
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Frequency correction : time resolved spectrum

Frequency (Hz)

August 1, Swiss national holiday

Noise sgectrogram over 3 weeks
MonV Tue Wed Thu Fri Sat Sun

Aug 16 Aug 17 Aug 18 Aug 19 Aug 20 Aug 21 Aug 22
2022
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=2:5
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Reduced noise on weekends

A Frequency correction time traces

A 500 sps -> 50 sps

A Short time Fourier transfrom: 22 min

window
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Frequency correction : time resolved spectrum

Aug 23 Aug 24 Aug 25 Aug 26 Aug 27 Aug 28 Aug 29

Sep 20 Sep 21 Sep 22 Sep 23 Sep 24
2n272

A Frequency correction i the 6 a imdisedi is extremely rich in features
A Interpretation is difficult, as noise is integrated along the full extent of the fiber
A Spatial resolution is not given (as opposed to e.g. distributed acoustic sensing systems)

BTFS Workshop 2026 Bruxelles 11.03.2026
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Impact of trains on the fiber © METAS

A When monitoring the noise seen by the fiber, we observe transient signal of several seconds duration

A We interpret these as trains passing over the fiber at certain points along the route.

A Can we identify identical train types and length, and reconstruct their schedule?

L =5 A) Geographic path of the fiber
S
€0 ' — - b : - B) Typical noise, showing 2 features
B2
. | —— - C) Zoom into a feature
03:12: 03:14:00  03:16:00 18:00  03:20:00 Interpretation: SBB train passing over
our fiber at 03:13:36 - 03:13:52 UTC+O0.

6

4 Location unknown a priori, but geodata

21 of fiber suggests between Basel and
k4 * HHHHH W'M' *" M ”W” Sissach

03:13:35 03:13:40 03:13:45 03:13:50 03:13:55

frequency (kHz)
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Data processing © METAS

8 months of data 1 h time series Short time Fourier Time-lfrzegqxuztfnlgl bins Normalize,
fvlfly ’iogg 2t§ » transform STFT » logarithmize and
arc Hann window: 5.12 s -
500 samples per second Step size 1.28 s cap limits
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Spectrogram over 1 hour © METAS

C &

frequency (kHz)

[y
95

Freq. (Hz)
=)

10:02 10:04 10:06 10:08 10:10
Aug 28, 2022

10:00
Aug 28, 2022
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Data processing

8 months of data
July 2022 to

1 h time series

Procedure designed and exectued
by Serge Zaugg, METAS

March 2023
500 samples per second

Pre-clustering

>

Short time Fourier
transform STFT

Hann window: 5.12 s
Step size 1.28 s

129x2813
Time-frequency bins

\ 4

Agglomerative N
Hierarchical Clustering

AN

Dimensionality

reduction
t-SNE
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Spectral
Feature [——== Threshold _ s,
extraction detection w
Final
1 clustering
DBSCAN

Normalize,
logarithmize and
cap limits

v

Modified Shannon
entropy

Lo n
6= —-7 yi log (1), i = Ti T;
log(ﬂ)%y g (%), v H%.’ )
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Spectrogram over 1 hour © METAS

Extract all ROIs and cluster them according to their spectral «fingerprint»

3
N

)

o

Q

; B

T

10:00 10:10 10:20 10:30 10:40 10:50 11:00

Aug 28, 2022
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Frequency (Hz)

FIACTAC

2
1.5
1
0.5
- 5
-0.5
-1

Example of a cluster

o
B !
~

3

Ty

Each of the 30 spectra correspond to a ROl / event.

The algorithm has grouped them together in the same cluster due to their spectral likeliness
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Example of a cluster O METAS

Cluster are defined purely by spectral features (not e.g. absolute time, duration ...)

0
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Example of a cluster

0
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Final clusters in 2D feature space ¥ METAS

SESCH A The 129 spectral features (representing the 129

o frequency bins) are mapped to 2D space using t-SNE

0005

" ooon A T-SNE: t-disctributed Stochastic Neighbour Embedding

= 0013
e A Clustering: DBSCAN: A density-based algorithm for
" o020 discovering clusters in large spatial databases with noise

0021

0026
0027
* 0028

e A There are many well defined clusters detected

* 0037
= 0038
* 0041
* 0042
0049
0050
0053
0055
* 0063
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Time stamps of ROIs: hour of day © METAS

clusters ID

A Each dot corresponds to an observed feature

A Each colour corresponds to a cluster of similar
features

A For selected clusters, we see that the features
occur every day at the same time

hour of day (decimal)

A Horizontal alignment of dots indicates events
that occur each day at the same time

A s this the SBB timetable we have revealed

here?

Jul 2022 Sep 2022 Nov 2022 Jan 2023 Mar 2023
time stamp of ROL
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Time stamps of ROIs: minute of hour ¥ METAS

A Plotting the clusters
s 16 reveals even higher level of scheduling

A Some clusters are rather irregular (e.g.
orange points)

=

Q

= A Other are very regular:

E (e.g. green points: events occur every day
o at xx:05 and XX:35, i.e., on a half hour

= schedule)

E

Jul 2022 Sep 2022 Nov 2022 Jan 2023 Mar 2023

time stamp of ROI

K] SBB CFF FFS
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UTC to UTC(CH)

Wrap-up | © METAS

| ! ) vy J ok R =3
M* "m \f"\u' \;\r\\ ’h” “/ Vrh\ M o W /““Wv»f el

\H\ 'D

2009 20m

A We have presented ...

A ... the current setup of UTC(CH) with its dissemination methods
A ... White Rabbit based time dissemination over 450 km

A ... phase-stabilized optical frequency dissemination for precision spectroscopy

A ... various fiber sensing exploits of the frequency correction signal
A Seismic

w
=, 8004 =
A Anthropogenic H e
p g = 4004 4 8
2 B
3 o=
= 0 0 =
] B
Legend R 4 &
m Faraday mirror %400
=® Photodiode j@‘ém,wrsny = -800
e Coupler 95:5 ¥ bidir EDFA of Basel "

@ Coupler 50:50 () Fiber segment

1557 15:58 15:59 16:00 16:01 16:02
UTC time on 10 September 2022

| SWITCH
o Iy

OMETAS ETHziirich
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Outlook ¥ METAS

A National Centre of Competence in Research: NCCR PRECISION
A NCCR: Long-term funding for key strategic research areas in Switzerland (6 out of ~80 proposals accepted)

A Objectives NCCR PRECISION:

A high-precision measurements on atoms, molecules, and systems with antimatter to understand new physical
phenomena

development of high-precision measurement methods using controlled quantum states
development of light-based photonic technologies to further increase measurement precision

development of highly sensitive sensors based on atomic and solid-state systems to precisely measure
electromagnetic fields or gravity.

A Structural aspects
A Development of an optical clock
A Extension of frequency dissemination network
A Scope: 32 research groups all over Switzerland; Duration: 4-12 years

To o I

A Time/Frequency services for industry
A Development of time / frequency over fiber as a service, to provide resilient time to Swiss industry
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Collaborations and funding
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