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Outline

❑ Coordinated Universal Time

❑ VTT MIKES optical atomic clock

❑ Time Services
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Coordinated Universal Time (UTC)

’free’ commercial

clocks

420 pcs / 80 labs

Cs fountain @ NPL

Free atomic

time (EAL)

International

Atomic Time 

(TAI)

BIPM = International Bureau of Weights and Measures

PTB = Physikalisch-Technische Bundesanstalt, Germany
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UTC Time Links: GNSS

❑ Geodetic multi-frequency GPS receivers

❑ Common-view used until 2006.

❑ In 2004 IGS introduces high-precision GPS clock products

All-in view

❑ Precise Point Positioning (PPP) since 2009.

❑ Smallest statistical uncertainty 0.3 ns. Calibration 1.5 ns.

❑ PPP-AR in the near future?

Panfilo and Arias, Metrologia 56 042001 (2019)

Jiang et al., Metrologia 60, 065002  (2023)

Common clock, short baseline
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❑ Introduced in 1999.

❑ Uses geostationary telecommunications satellite.

❑ Clocks compared simultaneously for two hours

each day.

❑ Small number of links (12%) due to:

❑ High cost (equipment and satellite service)

❑ Operational complexity

❑ Statistical uncertainty < 1 ns. Calibration

uncertainty 1 ns.

LNE-SYRTE,

Paris

UTC Time Links: Two-Way Satellite Time 
and Frequency Transfer (TWSTFT)

Panfilo and Arias, Metrologia 56 042001 (2019)]
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UTC Time Links: Two-Way vs GPS PPP

Jiang and Lewandowski, Rapport BIPM-2011/07

NIST-PTB baseline

1 year
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❑ <10-18 frequency uncertainty over continental 

distances

❑ Many different techniques

❑ microwave (radio-over-fibre)

❑ coherent optical

❑ Only two fibre links report data to BIPM (2019)

UTC Time Links: Fiber links

CLONETS

TX RX
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Circular-T



Historical evolution

1973 Optical single-ion frequency standards proposed by Dehmelt

1980s Experimental single-ion work (NBS/NIST, NRC, NPL,PTB)

2000 Optical frequency comb

2006- Optical transitions chosen as secondary representations of the second

2011- VTT MIKES ion-clock work

• Time and frequency are 

the most accurately 

measurable quantities

• 10-18 uncertainty in f ↔

order of 1 s during the 

age of the universe!

• Many atoms/ions as 

SRS



Optical atomic clocks
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 Clock instability:
• (quantum projection noise limited)

 Two different kinds of atomic reference:

• Single ion in radio-frequency trap:

• ’ideal’ isolated quantum system 

• low SNR (N = 1)

• Neutral atoms in optical lattice:

• interactions (atom-atom and atom-light) make analysis much more difficult

• experimentally more involved (more and higher-power lasers, larger atom oven, water-cooled 

coils etc.)

• better SNR (N = 103…104)


88Sr+ was chosen for its ’simplicity’




 c
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 microwave vs optical

400 THz vs 9 GHz



Radio-frequency ion traps
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Hyperbolic Paul trap (1953): ’infinite’ electrodes

=> ideal quadrupole potential

Ring trap for improved

optical access (PTB)

Endcap trap: even better

optical access



Sr+ single-ion “clock”
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Bild: Anders Wallin
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Preliminary uncertainty budget: October 2023
Source Shift (1e-18) Unc. (1e-18)

Blackbody radiation E1 shift 513.11

BBR field 0.38

differential polarizability 0.76

dynamic correction 0.07

Blackbody radiation M1 shift -0.0101 0.0002

Collisional shift 0 0.22

Thermal motion -1.58 0.63

Electric quadrupole shift 0 0.069

Excess micromotion 0 0.003

Tensor Stark shift 0 0.001

1092-nm ac Stark shift -0.40 0.40

674-nm E1 ac Stark shift 0.01 0.01

674-nm E2 ac Stark shift 0 0.06

Quadratic Zeeman shift, applied B 0.1632 0.0032

Quadratic Zeeman shift, rf B 0 0.000 01

AOM chirp -0.2 0.1

First-order Doppler shift 0 0.3

Servo errors 0 0.1

TOTAL: 511.1 1.2

BBR shift updated dynamically

88Sr+ has great potential with BBR under control!

88Sr+ has extremely low sensitivity

efficient cancellation schemes

will be reduced by MEMS switch



Absolute frequency measurement against 
TAI during March 2022 campaign

Our preliminary value in excellent agreement 

with recent unpublished values from NRC 

and PTB

• Recommended 88Sr+ SRS frequency

strongly dominated by lowest-

uncertainty published value.

• Recent unpublished NRC, PTB, and 

VTT values disagree with CIPM 2021.

CIPM 2017:  … … 486.5 Hz (u=1.5e-15)

CIPM 2021:  … … 486.3 Hz (u=1.3e-15)



Applications 
-new physics



Applications 
-Relativistic geodesy

Δf/f=10-18 Δh=1 cm

CLONETS



Δf/f=10-18 Δh=1 cm

H. Katori et al., Space-time information platform with a cloud of optical lattice clocks 

(Japan)

Applications 
-Relativistic geodesy
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 DCF77 started in 1959.
• 77kHz, AM and PM

Time Services:
Low-Frequency Time Transfer

• DCF77, Germany ~1500 km, 77.5 kHz

• MSF, UK, ~1800 km, 60 kHz

• TDF, France, ~2000 km, 162 kHz

Bauch et al., PTB Mitteilungen 119, 3 (2009)
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 DCF77 @ VTT MIKES vs Metsähovi 

Low-Frequency Time Transfer

25 km

=> With augmentation a backup for GNSS ?



Fiber-Optic Time Services

PTP: microseconds

(hardware time-stamping)

PTP White Rabbit: < nanoseconds

(hardware time-stamping enhanced

by precise phase-measurement)

NTP: milliseconds

(software time-stamping)

Specialized solutions: ps (…fs…as).



WR PTP Kajaani-Oulu

Kajaani-Oulu-Kajaani 2x228km

Optical-Electrical-Optical amplification

+ High-gain (>30 dB)

+ Signal reshaping

- Wavelength drift => symmetric repeater Fordell et al., IEEE Trans. Ultrason. Ferroelectr. Freq. Control (2023)



GNSS-style fiber-optic time transfer

Stability

 Long-distance time transfer over fiber 

using GPS L1 -style spread spectrum 

signal

 Signal is BPSK-modulated with 

pseudorandom bit sequence of 

desired length

 Planned to work with low signal 

strengths, beyond the normal range 

of fiber-optic transceivers

 Max. sample rate and attenuation 

ultimately limit performance (to be 

characterized)

Ettus B210 

SDR

Time & 

frequency

reference

SFP / LaserPC
Ettus B210 

SDR
PC

Photo-

detector

Local 

oscillator + 

electronics

10 MHz

1PPS

out
”Under construction”

Acquisition

PLL tracking

Carrier

phase
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 Lots of activity in developing optical frequency standards
• Fundamental science

• New physics (dark matter, temporal variation of physical constants, symmetry violations,…)

• Relativistic geodesy

• Low-frequency gravitational wave observatories

• Time keeping

• Only a few report regularly to BIPM

 Fibre-optic time and frequency transfer
• Continental distances

• Best performance with symmetric, single-fibre, out-of-band solutions

• Loss-tolerant ”GNSS-type” solutions needed for wider availability?

 Augmented low-frequency time signals as backup for GNSS

Conclusions
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