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Measurement of Time
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5000 years ago:

Babylonians and Egyptians 

began to measure time
• solar day

• lunar month 

• solar year

incense clock

merkhet



Calendars
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https://en.wikipedia.org/wiki/List_of_calendars

89 calendars:

• Solar (52)

• Lunar (2)

• Fixed (9)

• Lunisolar (23)

• Seasonal (2)

Aztec Calendar

https://www.calendar.com/history-of-the-calendar/

https://en.wikipedia.org/wiki/List_of_calendars


Measurement of Frequency
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Pendulum clock:

• invented by Galileo in 16th century

• has two components:

• regular natural process

• counter

A book about John Harrison, an 18th-century 

clockmaker who created the first clock sufficiently 

accurate to be used to determine longitude at sea



Measurement of Time

6NATIONAL RESEARCH COUNCIL CANADA

-3000:

Babylonians and Egyptians began to measure time
• solar day

• lunar month 

• solar year

1960:

CGPM resolution 9 (1960):
The second is the fraction 1/31 556 925.9747 of the 

tropical year for 1900 January 0 at 12 hours ephemeris 

time.

1967:

CGPM resolution 1 (1967):
The second is the duration of 9 192 631 770 periods of 

the radiation corresponding to the transition between 

the two hyperfine levels of the ground state of 

the caesium 133 atom 



ATOMIC CLOCKS
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SI second
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The second, symbol s, is the SI unit of time. It is defined by taking the 

fixed numerical value of the caesium frequency Cs, the unperturbed 

ground-state hyperfine transition frequency of the caesium-133 atom, to 

be 9 192 631 770 when expressed in the unit Hz, which is equal to s–1.

The second is the duration of 9 192 631 770 periods of the radiation 

corresponding to the transition between the two hyperfine levels of the 

ground state of the caesium 133 atom

CGPM resolution 1 (1967):

CGPM resolution 1 (2018):

The second is the fraction 1/31 556 925.9747 of the tropical year for 

1900 January 0 at 12 hours ephemeris time.

CGPM resolution 9 (1960):

Essen & Parry (NPL, 1955)



1989 Nobel Prize in Physics

or the invention of the separated 

oscillatory fields method and its use 

in the hydrogen maser and other 

atomic clocks

Thermal beam Cs clock

9NATIONAL RESEARCH COUNCIL CANADA

Norman R. Ramsey



Cs beam clocks at NRC
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1960 1967 2018
1 / 86 400

of the mean solar day

1 / 86 400

of the mean solar day

of the tropical year 1900

9 192 631 770

periods of 133Cs

ground state hyper-fine 

transition

Cs= 9 192 631 770 Hz

NRC Cs-3

1960s-1970s

NRC Cs-5

1970s-1980s

NRC Cs-6

1980s-1990s

NRC Cs-1

1950s-1960s



Commercial Atomic Clocks
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caesium, rubidium, hydrogen



CLOCK DATA ANALYSIS
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Atomic clock signals
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1 PPS

5/10 MHz

[V]

[t]

[V]

[t]



Time Metrology
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[V]

[t]

[V]

[t]

• rise time

• ringing

• voltage level

• DC offset

• amplitude

• skewing

• distortion



Statistical Analysis 

of Clocks Data
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• How to analyze the data?

• How to assign uncertainties?



Statistical Analysis 

of Clocks Data
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Overlapping Allan Deviation:

𝜎𝑦 𝜏 =
1

2𝜏2
𝑥𝑖+2 − 2𝑥𝑖+1 + 𝑥𝑖

2 = 
1

2
𝑦
𝑖+1

− 𝑦
𝑖

2

Modified Allan Deviation:

mod 𝜎𝑦 𝜏 =
1

2

1

𝑛
෍

𝑖=0

𝑛−1

𝑦
𝑖+𝑛

− 𝑦
𝑖

2

𝑥 – phase difference [s]

𝑦 – fractional frequency offset [s/s]
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averaging time [s]

Allan 

Deviation

Standard uncertainty:

𝑢𝐶 = 𝜎𝑦 𝜏
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Allan Deviation for different noise types 

• Noise types defined based on characteristic Fourier frequency power law: 𝑆𝑦~𝑓
𝑛

• Allan Deviation (ADEV) power law: 𝜎𝑦~𝜏
𝛼

• Modified Allan Deviation (MADEV) power law: 𝜎𝑦~𝜏
𝑏

noise type 𝒏 𝜶 β

white phase, WP 2 -1 -3/2

flicker phase, FP 1 -1 -1

white frequency, WF 0 -1/2 -1/2

flicker frequency, FF -1 0 0

frequency random walk, RWF -2 1/2 1/2

frequency drift, DF -3 1 1



Noise Types
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Example
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Rubidium Frequency Standard Model RFK:

WP 𝜎𝑦,−2 = 4.5 × 10−11𝑠1

WF 𝜎𝑦,−1 = 8.0 × 10−12𝑠 Τ1 2

FF 𝜎𝑦,0 = 2.0 × 10−13𝑠0

RWF 𝜎𝑦,1 = 5.0 × 10−16𝑠− Τ1 2

DF 𝜎𝑦,2 = 4.0 × 10−18𝑠−1

𝜎𝑦 𝜏 = ෍

𝑖=−3

2

𝜎𝑦,𝑖
2 × 𝜏𝑖

Hydrogen Maser:

WP 𝜎𝑦,−2 = 2.3 × 10−11𝑠1

FF 𝜎𝑦,0 = 9.0 × 10−16𝑠0

Measurements with the Time Interval Counter



Comparative clocks performance
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COLD ATOMS CLOCKS
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Thermal beam Cs clock
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Mungall, A. G., et al, Metrologia 17.4 (1981)

FWHM ~ 100 Hz

𝑝𝑔 =
1

2
1 − cos ∆𝜑 , ∆𝜑 = ∆𝜔∆𝑡



Cs Fountain clock
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Laser cooling 

down to 𝑇~1 𝜇𝐾

1997 Nobel Prize in Physics

for development of methods to cool and trap 

atoms with laser light

Claude Cohen-

Tannoudji

Steven Chu William D. Phillips

NATIONAL RESEARCH COUNCIL CANADA



Cs Fountain clock

25NATIONAL RESEARCH COUNCIL CANADA Beattie, S., et al. Metrologia 57.3 (2020)

FWHM ~ 1 Hz

□ NRC FCs2



NRC Caesium Fountain Uncertainty budget
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Effect Uncertainty

[1 × 10−16]
Uncertainty

[1 × 10−16]

Zeeman effect 0.2 0.2

BBR 0.7 0.7

Gravitational redshift 0.03 0.03

Cold collisions 1.0 0.3

MW leakage 1.0 0.2

MW phase transients 0.8 0.5

DCP m=0 0.2 0.2

DCP m=1 1.3 1.0

DCP m=2 0.2 0.2

MW lensing 0.2 0.2

Total 2.3 1.4

year 2020 2023

reported expected

S. Beattie, et al, Metrologia 57.3 (2020)

S. Beattie, et al, Metrologia 60.4 (2023)

S. Beattie, et al, EFTF-IFCS 2023

S. Beattie, et al, 9SFSM 2023



Caesium Clocks Accuracy
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Thermal beam Cs clocks

Fountain Cs clocks



From Microwave to Optical clocks
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𝟏𝟑𝟑Cs 88Sr+

9.2 GHz
∆𝜈 = 1Hz

1

9.2 × 109
≈ 𝟏 × 𝟏𝟎−𝟏𝟎

0.4

445 × 1012
≈ 𝟏 × 𝟏𝟎−𝟏𝟓



Ion Traps
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Hans G. DehmeltWolfgang Paul

1989 Nobel Prize in Physics

for the development of the ion trap 

technique
NRC 88Sr+ POC trap



Ultrastable Lasers and Frequency Combs
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John L. Hall Theodor W. Hansch

2012 Nobel Prize in Physics

for their contributions to the development of laser-

based precision spectroscopy, including the optical 

frequency comb technique.
adapted from Margolis H., Chem. Soc. Rev., 41 (2012)



Optical Clocks
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2012 Nobel Prize in Physics

for ground-breaking experimental methods 

that enable measuring and manipulation of 

individual quantum systems

David Wineland

adapted from Oates. C. W. et. al., Optics and Photonics News 26.1 (2015)



Optical clocks - an incomplete list
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Species Transition Clock transition

87Sr 1S0−
3P0 698 nm

171Yb 1S0−
3P0 578 nm

27Al+ 1S0−
3P0 267 nm

10B+ 1S0−
3P0 268 nm

138Ba+ 2S1/2−
2D5/2 1760 nm

40Ca+ 2S1/2−
2D5/2 729 nm

199Hg+ 2S1/2−
2D5/2 282 nm

115In+ 237 nm

171Yb+ 2S1/2−
2F7/2 467 nm

171Yb+ 2S1/2−
2D3/2 436 nm

88Sr+ 2S1/2−
2D5/2 674 nm

Sr+ @ NPLYb+ @ PTB Hg+ @ NIST

Ca+ @ InnsbruckSr+ @ NRC

adapted from P. Dubé course on Ion Optical Clocks, 2015



NRC Sr+ ion Uncertainty Budget
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Effect Uncertainty

[1 × 10−18]
Uncertainty

[1 × 10−18]

BBR 11 11

Gravitational redshift 2.0 2.6

Collisional shift (with 

background gas)

2.0 2.6

AC Stark shift 2.0 0.07

Micromotion shifts 0.1 0.2

Doppler Shift (2nd

order, thermal)

0.8 0.8

AOM frequency error 10 0.2

Total 15 11.7

Link uncertainty 1700 432

year 2017 2023

P. Dube, et al, Metrologia 54.3 (2017)

B. Jian, et al, Metrologia 60.1 (2023)



Optical Clocks Accuracy
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Optical clocks



TIME AND FREQUENCY TRANSFER
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Clocks Comparisons – in the laboratory
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Time Interval Counter

Phase Comparator

1 PPS

5/10 MHz



Time Interval Counter and Phase Comparator
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Time Interval Counter

start stop

Δ𝑡

Phase Comparator
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Time Interval Counter
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• Time offset measurements

• Frequency offset measurements

• Time delay measurements

𝑓1 − 𝑓2 =
𝜕Δ𝑡 𝑡

𝜕𝑡

1 PPS

1 PPS

Δ𝑡 Δ𝑡 Δ𝑡

𝑓1

𝑓2

1 ft in the vacuum ≅ 1 𝑛𝑠



Phase Comparator
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• Frequency offset measurements

cos 2𝜋𝑓1𝑡 × cos 2𝜋𝑓0𝑡 =
1

2
cos 2𝜋 𝑓1 + 𝑓0 𝑡 + 

1

2
cos 2𝜋 𝑓1 − 𝑓0 𝑡

cos 2𝜋𝑓2𝑡 × cos 2𝜋𝑓0𝑡 =
1

2
cos 2𝜋 𝑓2 + 𝑓0 𝑡 + 

1

2
cos 2𝜋 𝑓2 − 𝑓0 𝑡

𝜙1

𝜙2

𝑡3

[V]
[t]

Δ𝜙 𝑡1 = 2𝜋 𝑓1 − 𝑓2 𝑡1

𝑡1

Δ𝜙 𝑡2

𝑡2

Δ𝜙 𝑡3

p
h
a
s
e
 [

s
]

time [s]

𝑓1 − 𝑓2 =
𝜕Δ𝜙 𝑡

𝜕𝑡



Clocks Comparisons – between the laboratories
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Clocks Comparisons – between the laboratories
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GNSS



GNSS: Global Navigation Satellite Systems
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USNO SU

EU NIM



Common View GPS
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t

GPS broadcast

Rx generated

(Clock A – S) – (Clock B – S) = (TA – TB) + (dSA – dSB) 



Clock Comparisons Techniques
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Link type Typical Uncertainty

Global Navigation Satellite System 1 × 10−15/T[d]

Two Way Satellite Time and Frequency Transfer 1 × 10−17@ 100s d

Optical Fiber Links < 1 × 10−18

Transportable Clocks 1 × 10−17

Free Space Optical Links 1 × 10−18@ 5 min

Optical Satellite Links 1 × 10−18@ 5 min



Two Way Satellite Time and Frequency Transfer
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W. Schäfer, T. Feldmann, 8SFTSM, 2015 CCTF WG-TWSTF Report, May 2017 



Free Space Optical Time and Frequency Transfer
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Yu-Xiang Cheng, et. al., Opt. Express 32, (2024)

Time transfer over 113 km free space laser 

communication channel

Caldwell, E.D., et al. Nature 618, (2023)

Quantum-limited optical time transfer for 

future geosynchronous links



Fibre Time and Frequency Transfer
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EndRun Safran

https://www.netnod.se/sites/default/files/2023-03/Nr.6_Sven-Christian%20Ebenhag.pdf



Transportable clocks

(Frequency Comparisons)
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PTB

Sr Lattice Clock

RIKEN

Sr Lattice Clock (x2)

http://projects.npl.co.uk/itoc/assets/images/image.jpg



TIME SCALES
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Time Scales
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USNO

Time Interval Counter

Phase Stepper
UTC(k)



Time Scale Algorithms
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𝑥 𝑡 = 𝑥0 + 𝑦𝑜 𝑡 − 𝑡0 +
1

2
𝑑0 𝑡 − 𝑡0

2 + 𝜀

Clock model:

Clock weight:

𝜔𝑖~𝜎𝑦 𝜏

Y. Liu, et al, IEEE TIM, vol. 71, 2022



UTC(k) Time Scale Requirements
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• Best noise performance – better than 1 individual clock

• Reliability – continuously running

• Redundancy – resilience to equipment failure

• AC/DC Power stability

• Network availability

• Geographical distribution

• …

NATIONAL RESEARCH COUNCIL CANADA



Timescales around the world
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India
A. Agrawal, CCTF TE 22-05-2024

Uzbekistan
V. Nishonov, CCTF TE 22-05-2024

Colombia
C. Rodriguez, CCTF TE 22-05-2024

https://www.bipm.org/en/committees/cc/cctf/wg/cctf-wgtai/2024-05-22



BIPM Resources
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BIPM e-Learning Platform WG TAI meetings archive



CCTF & BIPM
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Coordinated Universal Time - UTC
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Coordinated Universal Time (UTC), is the international reference time scale that forms the basis for the coordinated 

dissemination of standard frequencies and time signals

90 NMI & DI

591 Cs & H & Rb

EAL TAI

NMI/DI
NMI/DI

NMI/DI

34 PSFS

NMI/DI
NMI/DI

NMI/DI
NMI/DI

NMI/DI

UTC(k)



Coordinated Universal Time - UTC
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Coordinated Universal Time (UTC), is the international reference time scale that forms the basis for the coordinated 

dissemination of standard frequencies and time signals

EAL TAI

• clock files:

• UTC(k)-Clocki

• 1 point / day

• submitted daily

• GNSS observations:

• CGGTTS files

• RINEX files

• submitted daily

• PSFS files:

• y(UTC(k)- PSFSi)

• 1 point / 5 days

• submitted monthly

90 NMI & DI

591 Cs & H & Rb

34 PSFS



Coordinated Universal Time - UTC
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Coordinated Universal Time (UTC), is the international reference time scale that forms the basis for the coordinated 

dissemination of standard frequencies and time signals

NMI/DI
NMI/DI

NMI/DI
NMI/DI

NMI/DI

90 NMI & DI

591 Cs & H & Rb

EAL TAI

https://webtai.bipm.org/database/show_psfs.html



UTC(k) Calibration
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https://www.bipm.org/kcdb/

SIM:

G1: NIST, USNO

New: SIM traveling system



Circular T
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https://webtai.bipm.org/ftp/pub/tai/Circular-T/cirthtm/cirt.437.html

NC – Not Calibrated



UTC(NRC)
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Dec 1997 July 2024July 2013



SIM TIME NETWORK
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SIM Time Network
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staring in 2005…



SIMTN
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• data updated 

every 10 minutes

• CGGTTS data 

format available 

for BIPM 

submissions

• new system with 

dual frequency 

receiver is under 

development at 

NIST 

https://sim.nist.gov/scripts/sim_rx_grid.exe



SIMTN
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https://tf.nist.gov/sim/index.htm



CCTF WORKING GROUPS
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CCTF Structure
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CCTF

WG TAI WG ALGO

WG PSFS WG GNSS

WG TWSTFT WG ATFT

WG MRA

WG SP

CCL-CCTF FSWG

TG Roadmap towards 

the redefinition of the 

second 

TG Promotion of the 

mutual benefit of 

UTC and GNSS

TG Leap seconds in 

UTC and building a 

consensus for a 

continuous timescale

TG Sharing of 

resources to improve 

international 

timekeeping

CCTF established in 1956 (before 1997 called CCDS)



LEAP SECONDS
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Coordinated Universal Time - UTC
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UTC is obtained from International Atomic Time (TAI) by the insertion of leap seconds according to the advice of the 

International Earth Rotation and Reference Systems Service (IERS) to ensure approximate agreement with the time derived 

from the rotation of the Earth. 

TAI

UTC

Circular T
UTC-UTC(k)

https://www.bipm.org/en/time-ftp/circular-t

DUT1 = UT1 − UTC



Need for Continuous UTC
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DUT1 = UT1 − UTC

P. Tavella, CPEM, 2022

• proliferation of alternative timescales

• possible negative leap second



Continuous UTC and the future of UT1-UTC
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• 26th CGPM (2022) Resolution 2: "On the definition of time scales“

• https://www.bipm.org/en/committees/cg/cgpm/26-2018/resolution-2

• confirms UTC is a time scale produced by the BIPM with the same rate as TAI, but differing from TAI only by an integral 

number of seconds, 

• recommends that all relevant unions and organizations work together to develop a common understanding 

• 2020: the BIPM and ITU-R signed an MoU for mutual assistance

• to the ITU-R in its role to set standards concerning time signals and frequency standard emissions, protocols, and 

dissemination procedure, 

• to the BIPM in its role of defining and realizing measurement standards and reference time-scales

• 27th CGPM (2022) Resolution 4: “On the use and future development of Coordinated Universal Time (UTC)”

• https://www.bipm.org/en/cgpm-2022/resolution-4

• Decides that the maximum value for the difference (UT1-UTC) will be increased in, or before, 2035

• 2023: ITU WRC - endorsed the CGPM 2022 resolution

https://www.bipm.org/en/committees/cg/cgpm/26-2018/resolution-2
https://www.bipm.org/en/cgpm-2022/resolution-4


Next Steps
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• Define new tolerance for UT1-UTC

• 100 s, 1 h, 1 d, …

• Define new rules for applying “leap offset”

• Phase step, frequency slew, regular or on 

demand, …

• Define implementation date for the new rules

• 2025, 2030, 2035,…

NATIONAL RESEARCH COUNCIL CANADA

TG Leap seconds in 

UTC and building a 

consensus for a 

continuous timescale



REDEFINITION OF THE SECOND
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Optical Clocks Accuracy

75NATIONAL RESEARCH COUNCIL CANADA

Optical clocks



CGPM 2022 Resolution 5 - On the future 

redefinition of the second
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encourages the International Committee for Weights and Measures (CIPM) 

• to promote the importance of achieving the objectives in the roadmap for the 

redefinition of the second, 

• to bring proposals to the 28th meeting of the CGPM (2026) for the choice of the 

preferred species, or ensemble of species for a new definition of the second, and for 

the further steps that must be taken for a new definition to be adopted at the 29th 

meeting of the CGPM (2030), 

and invites Member States to support research activities, and the development of 

national and international infrastructures, to allow progress towards the adoption of a new 

definition of the second. 

https://www.bipm.org/documents/20126/64811223/Resolutions-2022.pdf

TG Roadmap towards 

the redefinition of the 

second 



CCTF: Roadmap towards a redefinition of the 

second
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N Dimarcq et al 2024 Metrologia 61 012001



CCTF Task Force on the Redefinition

78NATIONAL RESEARCH COUNCIL CANADA

Option

SG1

Criteria

SG2

Education

SG3

TFU

Task Force on Updating the 

Roadmap for the 

redefinition of second
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CCTF Task Force on the Redefinition – SG1

Option

SG1

Option 1 Option 2 Option 3
choosing one single atomic transition in lieu 
of the Cs hyperfine transition and to fix the 
numerical value of the frequency of this 
transition 𝜐Xy

𝜐Xy = 𝑁 Hz, where 𝑁 is the defining value.

consists of creating a defining constant based 
on several transitions rather than just a single 
one, as described in. The quantity whose 
numerical value is used in the definition is a 
weighted geometrical mean of the frequency of 
an ensemble of chosen transitions. The unit of 
time is set by the relation:

ς𝑖 𝜐𝑖
𝑤𝑖 = 𝑁 Hz, where 𝑤𝑖 and 𝑁 are the 

defining values.

J. Lodewyck, Metrologia 56 (2019)

consists in fixing the numerical value of one 
more fundamental constant, in addition to c, h 
and e. From the fundamental standpoint, a 
good choice for this constant is the electron 
mass me, in which case the system of unit is set 
by the relations:

me=M kg, where M is the defining value, 
completed by the other defining relations for c, 
h, e, kB, NA and Kcd.

𝜐Xy = 𝑁 Hz ෑ

𝑖

𝜐𝑖
𝑤𝑖 = 𝑁 Hz 𝑚e = 𝑀 kg

• Familiar and practical

• Uncertainty lower × 102 than for the 
current definition with Cs

• …

• The new definition might rapidly become 
obsolete

• …

• Uncertainty lower × 102 than for the current 
definition with Cs

• Flexible scheme 

• …

• Conceptual deviation from the principle of 
applying fixed defining constants for the SI 
units 

• …

• Consistent with other SI units

• …

• Uncertainty higher × 104 than for the current 
definition with Cs

• …

N Dimarcq et al 2024 Metrologia 61 012001
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CCTF Task Force on the Redefinition – SG2
N Dimarcq et al 2024 Metrologia 61 012001

Criteria

SG2



CCTF Task Force on the Redefinition – SG3
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FAQ – Frequency Asked Questions:

https://www.bipm.org/en/redefinition-second

Education

SG3



UTC(K) DISSEMINATION
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UTC(k) Dissemination methods
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• Network Time Protocol (NTP)

• Web clock

• Telephone Talking Clock

• Short Wave Broadcasts

• Common View GNSS

• Calibration Services

NATIONAL RESEARCH COUNCIL CANADA



Have redundancy!
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Time Code

Time Code

Time Code

S
U

P
E

R
V

IS
O

R

UTC(NRC)

stratum-1 

stratum-2 

time.nrc.ca

tic tac toc

stratum-1 

stratum-2 

time.chu.nrc.ca

Un/Authenticated

chu.tic chu.tac chu.toc

UTC(CHU)

Un/Authenticated

Public NTP service
clients



Calibration Capabilities
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https://www.bipm.org/kcdb/cmc/quick-search



CONCLUSION

86NATIONAL RESEARCH COUNCIL CANADA



SI Second
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Accurate Time for the functioning of our lives 

Power grids

Telecommunications

Finance

Transportation

Agriculture

Manufacturing

Scientific research

…

https://www.space.com/time-how-it-works
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