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MEASUREMENT OF TIME
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Measurement of Time 50'00years il

Babylonians and Egyptlans
began to measu e time

A solar day

A . lunar mon

A solar year
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2024 in various calendars
Gragonan calendar 2024
Ay
AD urbe condita 2T
1473
@4 mAc

6774
180-181
1945-1946

Armenian ca

Calendars

Bongall calendtar 1431
Berber calendar 2074

Brtish Regnal year 2 Cha. 3-3Cha. 3
2568

1386

7532-7523

https://en.wikipedia.org/wiki/List _of calendars

S90S (Water Raibil)
4721 01 4514

=
S (Wood Dragon)

89 calendars:

Coptic calendsi 1740-1741

Discordian calendar 3190
SO I ar (5 2) Ethiopian calendar  2016-2017

Hebrow calendar  5784-5785

A Lunar (2)

1945-1548

A H sl Yuga 5124-5125
F IXed (9) Holocene calendar 12024

Igbo 1024-1025

A Lunisolar (23) = ==

Japanese calendar  Reiwa &

A Seasonal (2)

Juche calendar 13
Julian calondar Gregorian minus 13
deys

Korean calendar 4357
Minguo calendar  ROC 113

B=EmsE
Nanakshahi 556
calencar

Aztec Calendar Thai sok .“,.<~v-:m 2557
Tibetan calendar Exan

https://www.calendar.com/history-of-the-calendar/ (famale Water Rabb)

2150 or 1769 or 997

2151 o1 1770 or 998
Unix ime 1704067200 -
1735680500
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https://en.wikipedia.org/wiki/List_of_calendars

Measurement of Frequency

Pendulum clock:
A invented by Galileo in 16t century
A has two components:

A regular natural process

A 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
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Measurement of Time

-3000:

Babylonians and Egyptians began to measure time
A solar day
A lunar month
A 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
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ATOMIC CLOCKS
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Sl second

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.

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

CGPM resolution 1 (2018):

The second, symbol s, is the Sl unit of time. It is defined by taking the

fixed numerical value of the caesium frequency D g, 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'*.
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Thermal beam Cs clock

Traditional Cesium Beam Frequency Standard

Sorvo control

Quartz oscillator fmicrowave synthesizer 5 9.192 63... GHz
Output —
et

10.000 000 000 000 MH2z =

Norman R. Ramsey

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 "
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Cs beam clocks at NRC

NRC Cs-1 NRC Cs-3 NRC Cs-5 NRC Cs-6
1950s-1960s 1960s-1970s 1970s-1980s 1980s-1990s

9192 631 770

periods of 133Cs
ground state hyper-fine
transition

1/86 400
of the mean solar day
of the tropical year 1900

1/86 400

of the mean solar day D Rr=9192 631 770 Hz
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Commercial

Atomic Clocks

caesium, rubidium, hydrogen
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CLOCK DATA ANALYSIS
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Atomic clock signals
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1 PPS

[V]

\ 4

[t]

5/10 MHz

v

V]

[t]

o0 :=:




Time Metrology

[V]

A rise time

A ringing

A voltage level
A DC offset
A amplitude
A skewing

A distortion

[t]

V]

1] Wl cim

19-Apg-11 0515 2293394
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] Statistical Analysis

BT A of Clocks Data

0L

R R e e A How to analyze the data?
% | ? | | A How to assign uncertainties?
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Statistical Analysis
of Clocks Data

Overlapping Allan Deviation:

G \/(—[cb ) >:\/-<(m m))
Modified Allan Deviation:

wi phase difference [s]

wi fractional frequency offset [szs.]
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Standard uncertainty:
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Allan Deviation for different noise types

A Noise types defined based on characteristic Fourier frequency power law: “Yx "Q
A Allan Deviation (ADEV) power law: ,, x 1
A Modified Allan Deviation (MADEV) power law: , *x 1

I N S
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Noise Types

w
o

phase [au]

20

10

0 2 4 6 8 10 10

time [days] averaging time [s]

NATIONAL RESEARC(

19



Allan Deviation (s/s)

Example

Measurements with the Time Interval Counter

~

10710 — —_— — — —

10-11 :
10-12;
10-13;
10-14;

10715 &

Ll L Lol L Lol

10-16 i i
10° 10" 102 103
time (s)
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Rubidium Frequency Standard Model RFK:
n ﬁ

WP
WF
FF
RWF
DF

h
h
» h
h

Hydrogen Maser:
» h
» h

WP
FF
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Comparative clocks performance

N I | /
.10k \ O“a
E 11
S— . ‘o‘“
~b:. 12 Z \)“\6\
(o))
3 13 AN
) @ oo™V
B | G
~
-15 3 —— 1

Hydrogen Maser

Log (1), seconds

30| 20 10 00 10 20 30 40 r.o 60 [ 7.0

1 day1 month
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COLD ATOMS CLOCKS
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Thermal beam Cs clock

S et PESE Mungall, AL G, et al, Metrologia 17.4 (1981)

Traditional Cesium Beam Frequency Standard

Sorvo control
Quartz oscillator fmicrowave synthesizer 5 9.192 63... GHz
Ootpul - p—
10.000 000 000 000 MH2z = e e
E4 Df—‘i&'ﬂ‘]

0ol FWHM ~ 100 Hz

ho-(p ATSOYe ¥ Vo
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Cs Fountain clock

f

Claude Cohen-  Steven Chu William D. Phillips -
N

Tannoudji

1997 Nobel Prize in Physics _
for development of methods to cool and trap Laser Cof’“ng‘ !
atoms with laser light downto ¥ p‘u

NATIONAL RESEARCH COUNCIL CANADA
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Cs Fountain clock

o WNC

Microwave synthesizer

(N @]

(" @5 E31710w]

—
S—
5 E

feedback
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FWHM ~ 1 Hz

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

Microwave
resonators




NRC Caesium Fountain Uncertainty budget

Effect Uncertainty
[p pm ]

Zeeman effect 0.2
BBR 0.7
Gravitational redshift 0.03
Cold collisions 1.0
MW leakage 1.0
MW phase transients 0.8
DCP m=0 0.2
DCP m=1 1.3
DCP m=2 0.2
MW lensing 0.2
Total 2.3
year 2020

NATIONAL RESEARCH COUNCIL CANADA

Uncertainty
[p pm |
0.2

0.7
0.03

0.3
0.2
0.5
0.2
1.0
0.2
0.2

1.4

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
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Caesium Clocks Accuracy

1E-09

Thermal beam Cs clocks |
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fractional frequency uncertainty
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From Microwave to Optical clocks
#0 8 O

F=5
p 312
2p
: FF=4 3/2
L Wg pTI a2
i 1033 nm
2 P12 12 clear out
F=2
—_— my
o 8 = ,
Opt. transition 8 o | 2 512
@ 852.35 nm Sl gl 5| & 2Dy,
oo -
ERE -
S| 8| =] &
a 32
. f ’D3p2
3/2
F=4 674 nm
, . clock transition
65y, —¥ Clock v‘*ﬁ ( U' Av = 0.4 Hz
transition Y’ U 12
ﬂ p( -,-[8 251};2 mys
¥ | Ea 12
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lon Traps

Wolfgang Paul Hans G. Dehmelt

1989 Nobel Prize in Physics
for the development of the ion trap
technique

NRC ¥8 OPOC trap

NATIONAL RESEARCH COUNCIL CANADA
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Ultrastable Lasers and Frequency Combs

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)

NATIONAL RESEARCH COUNCIL CANADA
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Optical Clocks

How an Optical Lattice Clock Works

Ine n optical Lattice clock Is a laser whose frequency IS tuned to match a narrow-
lines tronic transition, excited in a collection of atoms confined in an optical lattice

A probing, or clock,
laseris setata
wavelength near the
atomic clock transition.

e The clock laser signal, now
tuned to precise resonance
with the atomic transition,
goes to a fs optical frequency
comb, which reads the laser’s

oscillation rate reduced to less than

David Wineland e g te

. . . . - 0 The clock laser is
2012 Nobel Prize in Physics ' , tnc e i
&' the clock transition
1 1 @ The lattice holds the | ] and Illuminates the
for g rou nd-breakl ng experl mental methods atoms long enough 0 The clock laser excites the electronic state atoms trapped in the
to allow ultra-high of ultracold atoms trapped in regions of optical lattice.

resolution measurement high laser intensity in an optical lattice.

th at enable measu rl ng and man I pu Iation Of of the clock transition Laser fluorescence detects the transitions. i P B e

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

o0 :
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Optical clocks - an incomplete list

¥8 O P3_
X9 A P3_
<X P3,
p P3
PO A 3, 7¢
THA 3B 7¢
P C SBore
PPy |

PXP A 3, 7¢
PX® A 3,7 ¢
v8 O 37c
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°0
°0

Tt

Tt

GOT[
GO'IT
C$U z
C.$U z

c$u2f’c

c86( 7Tq
C$Gz
C$U z

698 nm
578 nm

267 nm
268 nm
1760 nm
729 nm
282 nm
237 nm
467 nm
436 nm
674 nm

9A@PTB ( C @NIST 3 0@ NPL

3 O@ NRC # A @ Innsbruck
o0 =

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



NRC Sr+ ion Uncertainty Budget

Effect Uncertainty Uncertainty
[p pm ] [p pm |

BBR 11 11
Gravitational redshift 2.0 2.6
Collisional shift (with 2.0 2.6
background gas)
AC Stark shift 2.0 0.07
Micromotion shifts 0.1 0.2
Doppler Shift (2nd 0.8 0.8
order, thermal)
AOM frequency error 10 0.2

Total 15 11.7
Link uncertainty 1700 432
year 2017 2023

NATIONAL RESEARCH COUNCIL CANADA

P. Dube, et al, Metrologia 54.3 (2017)
B. Jian, et al, Metrologia 60.1 (2023)



Optical Clocks Accuracy

il

Optical clocks
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TIME AND FREQUENCY TRANSFER
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Clocks Comparisons i in the laboratory

| 1 PPS

e Time Interval Counter

\ 4

5/10 MHz

A 4

Phase Comparator '—\
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Time Interval Counter and Phase Comparator

Time Interval Counter Phase Comparator
O O O —Cn
start stop -
3
:f"’ D
Py A \/ 5
» X . 8‘
P 2
[] O S
»{ X @)
‘ Q2
30 >
< @
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Time Interval Counter '

. tart t
Time Interval Counter 1 -
A Time offset measurements H
A Frequency offset measurements .
/“’PS —‘ “ —‘ 0 A Time delay measurements
’('/é/::“ ’ H
v{- 30 30 30
> €
o o 1200 p ABDERA A Old ¢ i
T 0O
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Phase Comparator

A Frequency offset measurements

%0

Ri@© ®@ Al@© ® -AI@TQ "9y +-AlOTQ Qo)
Ri@© ® Al@ @ -AI@©TQ Q9 +-AIOT0 "0
\_Y_I

%0
[
[
[

T [V]

| Phase Comparator ||

o\ o |
> ©
%) ¢ Q Qo 3 %0 )
- T 3~%<(f5)
T 0
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Clocks Comparisons i between the laboratories

NATIONAL RESEARCH COUNCIL CANADA



Clocks Comparisons i between the laboratories

| N S < S < 4
Y Z Y
d B> - R Z %

== &
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Satellite S

Common View GPS

_ GPS broadcast

Ko
| _ Rx generated

(Clock AT S)i (Clock Bi S) = (Tai Tg) + (dsai dgp)
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Clock Comparisons Techniques

Link type Typical Uncertainty

Global Navigation Satellite System p pm ¥4 A
Two Way Satellite Time and Frequency Transfer P pTm @100sd
Optical Fiber Links P pPT
Transportable Clocks P P T

Free Space Optical Links P P TT @5min
Optical Satellite Links P PTT @5mMi n



Two Way Satellite Time and Frequency Transfer

% Geo Satellite

Time Transfer configuration “(A-B)/2*

W. Schéfer, T. Feldmann, 8SFTSM, 2015

NATIONAL RESEARCH COUNCIL CANADA

II. Status of the TWSTFT Networks (as of May 2017)

Europe: AOS, CH (METAS), IPQ*, Europe: IPQ*, GUM, Asia: KRISS, NICT,
IT (INRIM), LTFB*, NPL, OCA*, OP, PTB, SU (VNIIFTRI) TL, 3 Japanese
PTB, PTF1(ESA)*, PTF2 (ESA)*, ROA, Asia: KRISS, NIM, domestic stations*
SP (RISE), TIM (TimeTech)*, VSL NTSC, KM (VNIIFTRI)* Z

USA: NIST, USNO : {

Figure 1. Summary of the regional and inter-continental TWSTFT networks.

CCTF WG-TWSTF Report, May 2017
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Free Space Optical Time and Frequency Transfer

1600nm [ [

free space link

800nm [_ }_

e = e o

Teles

B Terminal

Yu-Xiang Cheng, et. al., Opt. Express 32, (2024)

Ti me

NATIONAL RESEARCH COUNCIL CANADA

transfer over
communication channel

Hawaii

RF lwo-way
comms with [f =
sits A

Ste Ais a mirer mage
without syncrronization lock

113 km free

space

Sita B system

50:51 w—  Free-space
£0:50 beam patn
@ Crouator 7 5
- Fibre eplic
! | Polrizing )
q'_ T Eeamsplittar G RF cornestion
out-ct-loop 4 Veriable Raancad

vefication attenvalar photcostector

Caldwell, E.D., et al. Nature 618, (2023)
Ruastwm-limited optical time transfer for
future geosynchronous links
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Fibre Time and Frequency Transfer

End RU n Safran | | National T&F connections in Europe - examples 112:‘3; ElDNEtSEﬂ)s‘..'.:

W RENATER

Li‘L\/ / |
LNE- SWN
U

niversity of
Steastiburg {UoS]

TNC22 - Trieste, italy 13-17 June 2022

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

Transportable clocks (T

vwgz) W

(Frequency Comparisons) -

Yb+ ES_) . PTB

Sr+ (transportable)

PTB
Sr Lattice Clock

Sr (transportable)

INRIM J
Local optical frequency comparisons

——— Frequency comparisons using transportable optical clocks

Optical frequency comparisons using broad bandwidth TWSTFT

Absolute frequency measurements

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

RIKEN L 1 el ™ | g

§

Sr Lattice Clock (x2) BFH o BBl e
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TIME SCALES
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Time Scales

A 4

Phase Stepper

A 4

A 4

Time Interval Counter
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Time Scale Algorithms

Clock model;

qO) o w© o) E’Q((‘) ) -

Allan Deviations

Allan Deviations T T
=== Experiment 1
. S S5 PR ORS8O S 0.0kl 1 O N i o 5. Qs s S s s S ot e LU UL L Experiment 2
ClOCk Welg ht. 107 AN —— Experiment 3
" ; - . — = Experiment 4
= [ ‘b'>
RIS § 10
2 : ©
T x, (M : :
” 2 a
5 107 5
< i <
1075
. 10718 bt : !
7 10° 104 10° 108

10° 10* 10° 10° 10

Averaging Time 7/ s Averaging Time 7/s

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

o0 ::
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UTC(k) Time Scale Requirements

A Best noise performance i better than 1 individual clock
A Reliability i continuously running

A Redundancy i resilience to equipment failure

A AC/DC Power stability

A Network availability

A Geographical distribution
A é

NATIONAL RESEARCH COUNCIL CANADA o0 =



Timescales around the world

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

India Uzbekistan
A. Agrawal, CCTF TE 22-05-2024 V. Nishonov, CCTF TE 22-05-2024

NATIONAL RESEARCH COUNCIL CANADA https://www.bipm.org/en/committees/cc/cctf/wg/cctf-wgtai/2024-05-22 00 ::



BIPM Resources

BIPM e-Learning Platform

e

L AFRIMETS

[ eurame

[ suLrmer CCTF TECHNICAL EXCHANGES ON TIME & FREQUENCY CAPACITY TIME TRANSFER THROUGH GNSS
[1sm TIME AND FREGUENCY BEST BUILDING BY RESOURCE SHARING PSEUDORANGE MEASUREMENTS

PRACTICE IN NMIS

ne Recommenda 5 a1 provicing
2) "0 Ihes estabiistimes noatedys pic

UTC capacity bulkding program odtain time trars®er through G

nang:

rding ¢

Groups of CCTF 1o share b.

Vi

[ chemstry and Belogy

[ 1onizing Raciation

WG TAI meetings archive

ABOUT US COORDINATION LIAISON

Working
Groups

] PAST MEETING

CCTF Technical Exchange
organized by the WG TAl and "

m WG ALGO: Case Studies from 2024
UTC laboratorles
PIRZATAVLLA ) NI

4 PAST MEETING

CCTEWGTAI meeting and
technical exchange on “NTP" '

2023
PATRZIATAVILLA cTEVMETA
9 PAST MEETING
CCTF-WGTAI p!
TenEE?
2022
PATEZIA TAVELLA ceTraTA
[ PAST MEETING
CCTF-WGTAI
2017

PATRLIA TAVELLA CTIWGTA

TECHNICAL/SCIENTIFIC

PUBLICATIONS & EVENTS

Meetings of the CCTF-WGTAI

[%] PAST MEETING

CCTF Technical Exchange !
organized by the WG TAl and

WG ALGO: The fundamentals of 2024
gerting scarted as a UTC

contributor

PATRIDA TAVELLA CCTRAVGTAI

9 PAST MEETING

CCTRFWGTAI N

PATRIDA TAVTLLA CETFAWGTAL

£ PAST MEETING

CCTF-WGTAI meeting and
technical exchange on "UTC
data validation and 2021
monitoring”
PATRIA TAUELLA ceTrGTAl

[™] PAST MEETING

Task Group on Time Scale
Definition

PATRIDA TAVELLA CCTAVGIAL




CCTF & BIPM
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Coordinated Universal Time - UTC

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 {  TAl
H 90 NMI & DI 34 PSFS
UTCK) N 591 Cs & H & Rb

%
D

NMI/DI

NATIONAL

Q0



Coordinated Universal Time - UTC

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 { 1A fiide T
BIPM
90 NMI & Dl 34 PSFS
ﬂ 591 Cs & H & Rb ﬂ
| |
| |
A clockfiles: A PSFSfiles:
A UTC(k)-Clock; A y(UTC(k)- PSFS)
A 1 point/ day A 1 point/5 days
A submitted daily A submitted monthly
A GNSS observations:
A CGGTTSfiles
A RINEX files

A submitted dail
\_/- . /-
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Coordinated Universal Time - UTC

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

dissemination of standard frequencies and time signals

\ 4

EAL

90 NMI & DI

NATIONAL

591 Cs & H&RD

TAI

Optical
Rb fountain
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s e ST TSR
B T —
R [RPTHR T ———

. e

Cs fountain

R s

Graphical representation of all evaluations of Primary and Secondary Frequency Standards reported since Circular T 190,
Enhanced color dats indicare evaluations camied out within the month of TAl compuratian.
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UTC(k) Calibration

%&J‘l—)‘ﬁ }[ L_J ; | |
62, |62, | |62 »|52| |Gz}>|(52| : _ ‘

SIM:
G1: NIST, USNO
New: SIM traveling system

AFRIMETSI

https://www.bipm.org/kcdb/
NATIONAL RESEARCH COUNCIL CANADA 000 -



Circular T

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

[CIRCULAR T 437 ISSN 1143-1393
2024 JUNE 1@, 16h UTC
BUREAU INTERNATIOMAL DES POIDS ET MESURES
THE INTERGOVERNMENTAL ORGANIZATION ESTABLISHED BY THE METRE CONWENTION
PAVILLON DE BRETEUIL F-92312 SEVRES CEDEX TEL. +33 1 45 @7 7@ 70 tai@bipm.org

The contents of the sections of BIPM Circular T are fully described in the document "Explanatory supplement to BIPM Circular T"
available at https://webtai.bipm.org/ftp/pub/tai/other-products/notes/explanatory_supplement_v@.7.pdf

1 - Difference between UTC and its local realizations UTC(k) and corresponding uncertainties.
From 2817 January 1, 8h UTC, TAI-UTC = 37 s.

Date 2824 8h UTC APR 29 MAY 4 MAY 9 MAY 14 MAY 19 MAY 24 MAY 29 Uncergain
MID 60429 60434 60439 66444 60449 60454 60459

Laboratory k [UTC-UTC(k)]/ns

AGGO (La Plata) 693.8 697.1 677.3 685.1 659.8 645.8 633.3 a.

ADS  (Borowiec) -28.8 -28.9 -22.8 -24.7 -26.4 -27.5 -27.3 a.

APL  (Laurel) -8.4 8.4 1.6 3.8 1.2 8.7 -8.2 a.

AUS  (Sydney) -243.6 -238.8 -233.9 -283.4 -283.8 -198.2 -173.6 a.

NATIONAL RESEARCH COUNCIL CANADA
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UTC(NRC)

Bureau

‘Inlerm!ionaldas BIPM Time Department Data Base

Poids et
 Mesures

poipion | cqupments | coraons [ oces ome ]

Select type of data you want to plot :
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SIM Time Network
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https://sim.nist.gov/scripts/sim_rx_grid.exe
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SIMTN
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Instituto Nacional de Metrologia (INM) 1D Number 012 Baseline 4430.241 km
4738 min 34643 s N Counter Delay 024 ns Reference Source SIMT{INM)
74° 5min 32.585 s W REF Delay 60.9 ns Mask Angle 107
261111m Receiver Delay 1282 ns Receiver Temp. 27°C

Nanoseconds

SIMT(NRC) versus SIMT(INM) via Common-View GPS

-146.81 129.23 290% 1012 046

SIMT(NRC) - SIMT(INM)

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

SIM Time and Frequency
Metrology Working Group

Select a Menu Item

Welcome

Welcome to the home of the Time and Frequency Metrology Working Group ( ) of the Sistema Interamericano de Metrologia (SIM). The SIM region covers North, Central, and South America, and the Caribbean Islands. The
members of the SIM TFMWG are timing laboratories located at national metrology institutes and other designated institutions in the 34 member nations of the Organization of American States (OAS). In most cases, these timing
laboratories are responsible for keeping the official time in their respactive nations.

Home

CMCs

Comparisons

SIM Time (SIMT) 2024/07/09 20:17:34
Coordinated Universal Time (UTC) 2024/07/09 20:17:34
Local Time 2024/07/09 16:17:34
This Device's Clock 2024/07/09 16:17:34
Device Clock Compared to Local SIMT [SRE-PEES TG

Meetings

Publications

SIM Time Network (USA)

SIM Time Network (Mexico)

SIM Time Nef rk (Canada)

: To support time and frequency metrology throughout the Americas, the SIM TFMWG maintains the SIM time scale (SIMT), the first continuously maintained multi-national ensemble time scale that is generated and published in real time
SIM Time Scale (USA) {updated e ). he world's official time scale, Coordinated Universal Time (UTC), by providing real time support to operational timing and calibration systems in the SIM region. The stability of
I tween local SIMT and the clock in the

SIM Time Scale (Mexico}

SIM Time Scale (Canada)

SIM NTP Comparisons

SIMT/UTC/TAI/GPS Clock

Video of 2016 Leap Second
Related Web Sites

SIM Web Site

OAS Web Site

BIPM Web Site

TIME.IS Web Site

e /
Time and Frequency Groups b £
NORTH ¥ . r

CENAM {
NIST 0. PACIFIC 7 UNITED
— iR surss{ NORTH ATLANTIC
NRC i \

QCEAN

National Web Clocks (SIM region)

Argentina

Bolivia
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CCTF 1

CCTF Structure

WG SP

4

N/

WG TAI WG ALGO

/ N\

TG Roadmap towards
the redefinition of the
second

/

TG Promotion of the
mutual benefit of
UTC and GNSS

N\

N 7

WG PSFS WG GNSS

N 4

WG TWSTFT WG ATFT

WG MRA CCL-CCTF FSWG

/ N
TG Sharing of

resources to improve
international

timekeeping

/

TG Leap seconds in
UTC and building a
consensus for a
continuous timescale

N

CCTF established in 1956 (before 1997 called CCDS)
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LEAP SECONDS
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Coordinated Universal Time - UTC

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 o N i il 6T
Il LI L ] BIPM
0'4|_|'|i| | 'lill" '||i|||'||'|'l 1l \I” )
|1l | | \
- T|||'H|||| ||| ||'|| || l'- III"||HI|""I"'\'I k'. i \1 | Q )
o‘ll|'|||'|||'lll-| | "||'|||'|i'|--"L EEA TR R —
| il 111 I| | | |II II. | I',I |I | 'II o’
-0.2 | i || I| || | I |[ Il_ l‘| - -lul "‘J"— H
\ L |NRNLR \[1 Circular T
4 4 | | HNL Y I A | . .
o il ARR UTC-UTC(K)
06 |- | b (. { N
UTC JD'S_| " I T P TP T (: 4
1976 1982 1988 1994 2000 2006 2012 2018
https://www.bipm.org/en/time-ftp/circular-t
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Need for Continuous UTC

—DUT1 = UT&—ik UT o ] ]
o n ] The digital networks cannot cope with unpredictable leap seconds
0.6 t . i | 4 -
Tl
| -\ i) ; 4 B WhE A
04H‘|| l|| Hlll | |[\‘l | u k _— [ TELE
o2 R e O s
0 | “'_‘l |'| 1 ‘I | | ‘ ‘ I | | kl LA o~ wnmﬂmmm L setonds In & minute? Understand the computer snd
‘ H | | | U | | | | |1 \ || h | | "I r,' -] the steck markst enemy "leag second” Sebice News | Dinos
< T : et et i
| \ S eap Second confuses Twiller and Androic
04 |- | “ \l | \'\ I\ l NII n ° fg‘aiwnmﬂn_mm_lr':u.”m“m”l Ulsers r|'|||:-rl|'|il |:-r.|:-h'x'|v|::nilh.-\ndlt.itl and Twitter as the lenp second was
06 - | | | . - madeled to ntomic time e
i = NETWORKWORLD = s
Bl Y FUUUR FUUON FOUUE FUUUUR VU N FOUUL IO . T e | ‘Leap second' snafu affects Oracle
1976 1982 1988 1994 2000 2006 2012 2018 e . R clusterware

(=4 -} -N=N=y-]

Haw and why the leap el = === — =
. . . . ;ah-:;nd affected Claudfiare Leap Second Bedevils Web Systems Over Weekend
A proliferation of alternative timescales I ceso-o o
A possible negative leap second S

Time travels on the network Consultative Committee on Time and Frequency User Survey (2021)
Computer operating systems are not easily * > 200 answers

able to handle a minute with 61 seconds .

-

The large majority asks to get rid of discontinuities in UTC
Other time scales are used, instead of UTC, as continuous time scales

NATIONAL RESEARCH COUNCIL CANADA
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Continuous UTC and the future of UT1-UTC

260CGPM (2022) Resolution 2: "On the definition of

A https://www.bipm.org/en/committees/ca/cgpm/26-2018/resolution-2

A confirms UTC is a time scale produced by the BIPM with the same rate as TAl, but differing from TAI only by an integral
number of seconds,

A 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

A tothe ITU-R in its role to set standards concerning time signals and frequency standard emissions, protocols, and
dissemination procedure,

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

21"CGPM (2022) Resolution 4: fAOn the use and futur e
A https://www.bipm.org/en/cgpm-2022/resolution-4

A 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

NATIONAL RESEARCH COUNCIL CANADA o0


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

Next Steps

A Define new tolerance for UT1-UTC

A 100 s, 1 h, 1 d, ¢é

Establishment of a CCTF Task Group
A Define new rulesf or app | Yy I N g i to address progress towards a
continuous UTC
A Phase step, frequency slew, regular or on

The 27th meeting of the CGPM (2022) adopred Resoluton 4 On the use and further development of UTC,

d e m a. n d e Subsequently, the CCTT Werking Group on Strategle Planning established a task group (TG) in May 2023
10 address the progress towards a continuous UTC,

The TG shall work tagether wirh the CCTF, labaratories that contribute ta UTC, GNSS providers,
Inrernational Organizations - such as the International Astronamical Union, the International

1 1 1 Telecammunicacion Union {ITU), the Intermaricnal Carth Retation and Referer stems Service (ICRS)
A Defl n e I m p I e m e n tatl O n d at e for th e n eW ru I eS and other stakehelcers to prepare a draft resolution for che 28th meeting of

GPM (2026) including:
¢ value of UTT UTC*

align UTC to UTT when ¢ clerance is reached
the revision periodicity ol tis dedision by the CGPM
the exactimplementadon date.

A 2025, 2030, 2035, é
/

The TG aims to provide suppaort to ITU delegations so thar they are well prepared for the 2023 ITU World
Conferen ere the updare on UTC will be considered. Finally, the TG will fosrer
awareness anout this inirianve, which will nave profound implications
5. Fducarional materials and promarional initiatives will be

er the coming years.

Radiorommunicati

rommunicarion efforts ro increz
for the future of reference time sc:
developed and shared

TG Leap seconds in
UTC and building a
consensus for a

continuous timescale
NATIONAL RESEARCH COUNCIL CANADA . .

The TG lonks forward to submitting a proposal to the 28th meeting of the CGPM that takes into zccount
the requests and constraints of cthe different communities, while enabling UTC to be universally

accepred, rabuse and useful.




REDEFINITION OF THE SECOND
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Optical Clocks Accuracy
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CGPM 2022 Resolution 5 - On the future

redefinition of the second

it CGPM

encourages the International Committee for Weights and Measures (CIPM)

A to promote the importance of achieving the objectives in the roadmap for the
redefinition of the second,

A 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.

General Conference on Weights ahd N
27th meeting - 15-18 November 202

/ N

TG Roadmap towards
the redefinition of the
second

https://www.bipm.org/documents/20126/64811223/Resolutic@622.pdf

NATIONAL RESEARCH COUNCIL CANADA
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CCTF: Roadmap towards a redefinition of the
second

N Dimarcq et al 2024 Metrologia 61 01200:

Table 4. Mandatory criteria and ancillary conditions to ensure the benefit and the acceptability of a new definition.

Mandatory criteria  Ancillary conditions Criteria and conditions

Frequency standards, X .1—Accuracy budgets of optical frequency standards
including the X 1.2—Validation of Optical Frequency Standard accuracy
contribution of OFS to X budgets—Frequency ratios
time scales X L.3—Continuity with the definition based on Cs
l.4—Regular contributions of optical frequency standards to TAI (as
secondary representafions of the second)
X [.5—High reliability of OFS
X L.6—Repular contributions of optical frequency standards to UTC(k)
TF links for comparison X I1. 1—Awvailability of sustainable techniques for Optical Frequency
or dissemination X Standards comparisons
I1.2—Knowledge of the local geopotential with an adequate
uncertainty level
X I1.3—High reliability of ultra-high stability TF links
Acceptability of the new X 1. I—Definition allowing more accurate realizations in the future
definition X II.2—Access to the realization of the new definition

[1I-3—Continuous improvement of the realization and of time scales

after redefinition

II.4—Awvailability of commercial optical frequency standards

HI.5—Improved quality of the dissemination towards users o0

A




CCTF Task Force on the Redefinition

Option Criteria

Education

TFU

Task Force on Updating the

Roadmap for the
redefinition of second

NATIONAL RESEARCH COUNCIL CANADA

A

ABOUT US

COORDINATION LIAISON

TECHNICALISCIENTIFIC PUBLICATIONS & EVENTS

Progressing towards the redefinition
of the second

With the advent of aptical frequency standards, which are systematically achieving unrerr.
these of caesium fountain primary standards, the redefinition of the se
rransitions, is being ronsidered by the Consulr,
Candicate species (' 77Yb, 3757 developed by metrology laboratories and research institutes are already
being regularly reported ca the DIPM, contributing to International Atomic Time {TAI} as
repres 5 of the second, | acher radiatons are measured vath gr
ccepted as secondary reol the ¢
instilling grawing contidence within the 1+ commu

ainties helow

of a new detinition will occur
Further improverments in the aperational aspeccs of dacks
(stability, uncertainty, robustness) an ransler snd compadrison lechnigues present opportuniu

dccelerate the limeline wwards the redelinicon

The CCTF established a task force in charge of updating the roadmap for the redefinition in 2020, An
ith fundamental

essential part of this plobal coordination involves providing the community
information ahout all aspects of the change, including its drivers, impart and remaining challenges.
A recently published Merologia vpen awcess
by the task [orce, A dedicated BIPR w
asked guestions about

wi drucle describes the outpuds of the wurk wdrried vat

es complementary information ddcressi

he r

Redefining the SI serond will improve the quality of the mise en pratique, 1

ehy supporting
scientific and technelogical progress. The adoption of the redefinition by the General Conferenre on
Weights and Measures, the CGPM, is anficipaten in 2030 or larer, depending on the fulfilment of the
mandatory criteria detailec in the CCTF roadmap.

Q




CCTF Task Force on the Redefinition 1 SG1

SG1

Option

NATIONAL RESEARC

Option 1

choosingone single atomic transition in lied

of the Cshyperfine transition and to fix the
numerical value of the frequency of this
transitiont

s 0 ( Uwhered is the defining value.

Familiar and practical

A Uncertainty lower p ttthan for the
current definition with Cs

A X

A The new definition might rapidly become
obsolete

A X

Option 2
consists of creating a defining constant base
on several transitions rather than just a singlq
one, as described in. The quantity whose
numerical value is used in the definition is a
weighted geometrical mean of the frequency
an ensemble of chosen transitiarBhe unit of
time is set by the relation:

bt 0 ( UwhereOd and( are the
defining values.

J.LodewyckMetrologia56 (2019

Uncertainty lower p mthan for the current
definition with Cs

X

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

A X

A
A Flexible scheme
A
A

Option 3
consists irfixing the numerical value of one
more fundamental constanin addition toc, h
ande. From the fundamental standpoint, a
good choice for this constant is the electron
massm,, in which case the system of unitis s
by the relations:

me=M kg, whereM is the defining value,
completed by the other defining relations far,
h, e, ks, Nyand K,

Consistent with other Sl units
A X

A Uncertainty higher p tthan for the current
definition with Cs

A X

N Dimarcq et al 2024 Metrologia 61 012001




CCTF Task Force on the Redefinition 1 SG2

N Dimarcq et al 2024 Metrologia 61 012001
Mandatory criteria

S G 2 1.1 - OFS accuracy budgets
1.2 - Validation of OFS accuracy budgets

frequency ratios

Criteria 1.3 - Continuity with the definition
based on Cs

1.4 - Regular contributions of OFS to TAl

11.1 - Availability of sustainable techniques
for OFS comparisons

11.2 - Knowledge of the local geopotential
with an adequate uncertainty level

111.1 - Definition allowing future
more accurate realizations

111.2 - Access to the realization
of the new definition

<30% 30-50% 50-70% 70-90% 90-100% >100%
Fulfilment level

N
NATIONAL RESES Figure 5. Fulfilment levels of mandatory criteria in 2022. 000 -



CCTF Task Force on the Redefinition 1 SG3

SG3

Education

FAQ T Frequency Asked Questions:

+ What is the timeline for redefinition?
» Why does the community want to redefine the second?
« What are the options to redefine the second?

* What will happen to the caesium standards after the redefinition?

» What actions might | need to take prior to the redefinition?

o Will | need to replace my caesium standards after the redefinition?
» Will caesium standards still be accepted into UTC after the redefinition?
o What are the criteria for deciding if we are ready for the redefinition?

Roadmap to the redefinition of the second

The CCTF is currently working towards an update of the definition of the secand, in accordance with the significant improvements in atomic
clock designs that have occured in the recent years,

This web page collates same of the general and publicly accessible information associated with the process.

The time and frequency community is highly engaged in the long journey that will eventually lead to the redefinition of the second, possibly
in 2030. We will update and add content to this page in the coming years. Please revisit this page regularly to stay up to date.

| Frequently Asked Questions concerning the | Roadmap towards the redefinition of the second

Redefinition of the Second Metrologia (2024) 61 012001

CCTF Task Force on Updating the Roadmap for the Noél Dimarcq et al,
redefinition of the second

https://www.bipm.org/en/redefinitionsecond
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UTC(K) DISSEMINATION
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UTC(k) Dissemination methods

SIM Time and Frequency
Metrology Working Group

A Network Time Protocol (NTP)

A Web clock

A Telephone Talking Cloc
A Short Wave Broadcasts %, -

A Common View GNSS

A Calibration Services

NATIONAL RESEARCH COUNCIL CANADA 00 =::
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